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SUMMARY 

TIE long i tud ina l  s t a t i c  and dynamic s t a b i l i t y ,  t h e  o v e r a l l  duct  per -  
formance, t h e  drag, and some s t a t i c  and dynamic l a t e r a l - s t a b i l i t y  d a t a  
were a sce r t a ined  by f l i g h t  t e s t s  of 0.12-scale models of t h e  Chance Vought 
Regulus I1 m i s s i l e  over a Mach number range of 0.8 t o  2 . 1  and a Reynolds 

number range of 3 x 10 6 t o  12 x 10 6 . Five models were employed: two non- 
instrumented drag models; two l o n g i t u d i n a l - s t a b i l i t y  models, of which one 
w a s  t he  b a s i c  conf igura t ion  and the  other  was modified wi th  canard t r i m -  
mers and a low d o r s a l  f a i r i n g ;  and one lateral  s t a b i l i t y  model w i th  a 
v e r t i c a l - t a i l  a r e a  twice as l a r g e  as that of t h e  b a s i c  conf igura t ion .  

Adding f i x e d  canard trimmers, de f l ec t ed  100, t o  t h e  b a s i c  configura-  
t i o n  (1) had neg l ig ib l e  e f f e c t  on t h e  l i f t  and reduced the  s t a t i c  s t a b i l -  
i t y  by about 15 percent  a t  supersonic  speeds, (2)  increased  t h e  damping 
i n  p i t c h  about 35 percent ,  (3) reduced t h e  l a r g e  negat ive p i t c h i n g  moment 
a t  zero l i f t  a t  supersonic  speeds, (4)  improved t h e  performance of t h e  
duct from subsonic speeds t o  a Mach number of 1.6, and ( 5 )  increased  t h e  
minimum drag 6 percent  a t  a Mach number of 2.0 and 42 percent  a t  a Mach 
number of 0.9. Large, s t a b l e  values  of bo th  t h e  s t a t i c  and dynamic l a t -  
e r a l  d e r i v a t i v e s  were obtained from t h e  l a t e r a l - s t a b i l i t y  model by a 
vec tor  method a t  a Mach number of 1.8. A q u a l i t a t i v e  a n a l y s i s  i nd ica t ed  
tiat as a r e s u l t  of a p a r t i a l  f i n  f a i l u r e  t h e  la teral  model r o l l e d  a t  
r a t e s  above t h e  resonance i n  yaw sufficient t o  ir,duce s t r o n g  c ross -  
couplet? motions. 

* 
T i t l e ,  Unclass i f ied .  



2 

k t  t h e  request  of t h e  B;reail of Aeronautics,  Departnent of  t h e  Navy, 
t:,e e x t e r n a l  aerodynamics acd d ~ c t  perfomance of t h e  Chance Vought 
Regulus I1 (XBSSY-E-9) missile were i c v e s t i g a t e d  by t h e  Uat ional  Advisory 
Cormittee f o r  Aeronautics. 

The Regulus I1 is  a turbojet-powered, surface- to-surface m i s s i l e  
which can be launched from s h i p  o r  submarine a t  medium-range t a r g e t s  and 
c r u i s e  a t  speeds near a Mach number of 2.0. The rnissile has no korizon- 
t a l  t a i l  and incorporates  a nose of high f i n e n e s s  r a t i o ,  t h i n  swept 
wicgs of low aspect  r a t i o ,  a kighly swept v e r t i c a l  t a i l ,  and a scoop 
i n l e t  with an oblique shock d i f f u s e r .  

Longitudlnal and l a t e r a l  s t a t i c  s t a b L l i t y  and c o n t r o l  c h a r a c t e r i s -  
t i c s  have been d e t e m l n e d  from a 0.065-scale m d e l  t e s t e d  i n  t h e  Lacgley 
G- by 4-foot supersonic p r e s s w e  t u m e l  a t  Mach nunbers of l.bl, 1.61, 
and 2.01. These d a t a  are presented i n  r e f e rences  1 and 2. Z e r o - l i f t  
drag of t h e  Fiss i le  w a s  obtained f o r  a Mach number range of 0.8 t o  2.2 
from f l i g h t  tes ts  cf two rocket-boosted models and repGrted i n  refer-  
ence 3. 
i n v e s t i g a t e  t h e  ck la rac t e r i s t i c s  of s eve ra l  underslung scoop i n l e t s  a t  
Mach nurbers of 0.66, l.5, 1.8, and 2.0, and t h e  r e s u l t s  are r epor t ed  
i n  r e fe rences  4 and 5 .  The long i tud ina l  and la te ra l  s t a t i c  cha rac t e r -  
i s t i c s  of a 0.065-scale model of t h e  nodlf ied Regulus I1 were i n v e s t i -  
gated a t  Mach numbers of 1.60, 1.80, and 2.0 and r epor t ed  i n  r e fe rence  6. 
Lcngi tudical  s t a t i c  and dynmic  s t a b i l i t y  d a t a  were obtained from a 
f l i g h t  t es t  of a 0.12-scale rccket-powered nodel  f o r  a Mach n w b e r  range 
of 0.e  t o  2.: and r epor t ed  i n  reference 7. 
kave been obtained from two similar rocket-powered models, one a 
l o n g i t u d i n a l - s t a b i l i t y  Rodel incorporating s m a l l  canard tr imers,  and 
t h e  o the r  a l a t e r a l - s t a b i l i t y  model with a n  oversized v e r t i c a l  t a i l .  
is  t h e  parpose of t h i s  paper t o  smmarize t h e  rocket-model t es t s  of t h e  
Regulus I1 by combining t h i s  a d d i t i o n a l  f r e e - f l i g h t  d a t a  wi th  t h e  d a t a  
published i n  references 3 and 7. Rocket-boosted models were t e s t e d  a t  
t h e  Langley P i l o t l e s s  Aircraft Research S t a t i o n  a t  Wallops I s l a n d ,  V a .  

Xind-tunnel tes ts  were a l so  made a t  t h e  L e w i s  Laboratory t o  

Addit ional  f l i g h t - t e s t  d a t a  

It 

idhenever poss ib l e  the  l e t t e r  smbols recommended by t h e  American 
Standard Associat ion i n  t h e  pub l i ca t ion  "Z,etter 
Sciences, ASA Y X .  7-;95&, were er ,Tlqed.  

S p b o l s  f o r  Aeronautical  



wing span, f t ,  o r  v e r t i c a l - t a i l  height  above model c e n t e r  
l i n e ,  f t  

chord of a i r f o i l ,  f t  

mean geometric chord, f t  

a c c e l e r a t i o n  due t o  g rav i ty ,  32.2 f t / s e c 2  

mass moment of i n e r t i a  i n  r o l l ,  p i t c h ,  and yaw, s l u g - f t  2 

- I t a n  2 € ,  slug-ft '  product of i n e r t i a ,  $(I~ x) 
maximun l if t-dr ag r a t i o  f o r  zero c o n t r o l  d e f l e c t i o n s  

- 
l eng th  from l ead ing  edge of c ,  p o s i t i v e  rearward, f t  

Mach number 

mass of model, s lugs  

pe r iod  of free o s c i l l a t i o n ,  s ec  

components of  angular  v e l o c i t y  about X-, Y-, and Z-axis, 
re spec t i v e l y  , r ad ians  / sec  

pressure;  free-stream s t a t i c  p re s su re  when used without  a 
subsc r ip t ,  l b / s q  f t  

p i t o t  s t agna t ion  p res su re ,  lb/sq f t  

dynamic pressure,  z pM2, lb/sq f t  
2 

Reynolds number based on E 

t o t a l  wing area, sq f t  

t i m e ,  s ec  

t i m e  r equ i r ed  f o r  model o s c i l l a t i o n s  t c  danp t o  one-half 
amplitude, s e c  

3 

k 
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r a t i o  of mss flow of a i r  through t h e  duct  t o  Dnass flow of 
a i r  t'mough a free-stream tube of area equal  t o  t h e  i n l e t  
capture  area Ai 

orthogonal body axes with t h e  o r i g i n  a t  t h e  model c e n t e r  of 
g r a v i t y  and t h e  X-axis p a r a l l e l  t o  t h e  model c e n t e r  l i n e ;  
p o s i t i v e  forward, t c  r i g h t  when looking forward, and down- 
ward, r e s p e c t i v e l y  

d i s t ances  i n  X, Y,  and Z d i r e c t i o n s  

ar.gle cf a t t a c k .  deg 

angle of s i d e s l i p ,  deg 

r a t i o  of s p e c i f i c  h e a t s  of a i r  

rate of change of f l i g h t - p a t h  andle  wi th  t i m e ,  r ad i ans / sec  

increment i n  a quan t i ty  
\ 

angle between p r i n c i p a l  ax i s  and X body axis, p o s i t i v e  when 
p r i n i c p a l  axis  i s  displaced zbove t h e  X body axis,  deg 

f r a c t i o n  of c r i t i c a l  dampirg i n  p i t c h  of f i omol l ing  model 

f r a c t i o n  of c r i t i c a l  dmping i n  yaw of nonro l l i ng  model 

p ro jec t ed  angle between l o c a l  chord and r o o t  chord of a 
tw i s t ed  wing f o r  a u n i t  l i f t  load ,  deg/lb 

components of angular displacement from a given a t t i t u d e  
about t h e  X-, Y-, Z-axis, r e s p e c t i v e l y  

frequency of lateral o s c i l l a t i o n ,  radians/sec 

nondimenslonal undamped natu-a1 frequency i n  p i t c h  of a 
nonrol l ing nodel ( r a t i o  cf p i t c h i n g  frequency t o  steadj- 
r o l l i n g  frequency) 

riondimensional u z d a q e d  na tu ra l  frequency i n  yaw of nonrol l ing 
m d e l  ( r a t i o  of yawlng freqdency t o  s t eady- ro l l i ng  frequency) 

c 
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lift coefficient, Lift 
ss 

rolling-moment coefficient, Rolling moment 
qsb 

pitching-moment coefficient, Pitching moment 
qsc' 

pitching-moment coefficient at zero lift 

yawing-moment 

lateral-force 

dcy -, per radian 
(33 

dC2 -, per radian 
a3 

, per radian c3c2 - 
a -  3b 

2v 

& 2 -, per radian a -  rb 
2v 

3, per degree 
& 

G, per degree aa 
- , per radian 

ee b -  
2v 

Yawing rnoment coefficient, 
qsb 

Lateral force coefficient, 
qs 
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l if t-clurve s lope  f o r  r i g i d  wing 

l i f t  -curve s lope for e l a s t i c  wing 

A dot over a quan t i ty  i n d i c a t e s  f i r s t  d e r i v a t i v e  wi th  r e s p e c t  t o  
t i m e ;  a double dot i n d i c a t e s  second de r iva t ive  with r e spec t  t o  t ine.  

Subsc r ip t s  : 

a c  aerodynamic center 

cg cen te r  of g r a v i t y  

duct 

e x i t  

i n t e r n a l  o r  i n l e t  

Ra t ios  of t k e  aripli tudes of envelopes of o s c i l l a t i o n s  are expressed 
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b 

ais minimum 

S standard sea-level conditions ( p s  = 2,116 lb/sq f t )  
i 

t t o t a l  

t r i n  trim condi t ions (Cm = 0,; 

DESCRIPTIOI'I OF MODELS 

Five 0. l2-scale  models of t h e  Regulus I1 missile, cons t ruc t ed  by 
Chance Vougkt, were used i n  t h e  f l i g h t - t e s t  program; two f o r  l o n g i t u d i n a l  
s t a b i l i t y ,  one f o r  la teral  s t a b i l i t y ,  and two f o r  zercj- l i f t  drag. The 
geometry of each mcdel i s  shown by sketches i n  f i g u r e  1. 
na te s  and t h e  duct a r e a  d i s t r i b u t i o n  a r e  l i s t e d  i n  t a b l e s  I, 11, and 111. 
The weights, center-of-gravi ty  loca t ions ,  and moments of i n e r t i a  are 
l i s t e d  i n  t a b l e  I V .  Photographs of the models and of t h e  launcher are 
shown i n  f i g u r e  2. 

Model coordi-  

The fuselage w a s  b a s i c a l l y  a body of resrolution wi th  a moderate 
b o a t t a i l  2nd a nose f ineness  r a t i o  of 4.50. It was b u i l t  i n  t k e e  sec- 
t i o n s  of l m i z i t e d  makogany and almLinxn c a s t i n g s .  
trimers were of s tee l  and the  f i m  were of aluninun; a l l  were f i n i s h e d  
within a f e w  thousandths of an inch t o  t h e  coordinates  given i n  t a b l e  111. 
The scoop-type i n l e t  was b u i l t  frorn an  aluminum c a s t i n g  b u t  most of t h e  
duct and boundary-layer bleeds were molded from f i b e r  g l a s s .  The base 
area of t h e  model w a s  p ropor t i cna l ly  l a rge r  t han  t k a t  of t h e  missile t o  
insure sonic v e l o c i t i e s  near t h e  duct e x i t .  The r a t i o  of base annular  
area t o  t o t a l  wing area w a s  0.0237. k ske tch  of t h e  l o n g i t u d i n a l  c r o s s  
sec t ion  of t h e  duct is  shown i n  f i g u r e  l ( e ) .  

The wings and canard 

Model 1 

L d e l  1, shown i n  figures ;(a) and  2 ( a ) ,  w a s  d i s tu rbed  i n  p i t c h  by 
seven pu l se  rocke t s  w i th  a t h r u s t  impulse of 20 pound-seconds each. A 
v e n t r a l  f i n ,  of t h e  sartie a i r f o i l  sect ion and p l m  f o r x  as t h e  v e r t i c a l  
t a i l ,  xas  added t c  suppress cross-coupled no t ions  between t h e  p i t c h  and 
yaw planes by increasing t h e  l a t e ra l  s t a b i l i t y  of t h e  model. 
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I4ode1 2 was used t o  determine long i tud ina l  s t a b i l i t y  of a la te r  
ve r s ion  of t h e  Regulus I1 configuration. 
shewn i n  f i g u r e  l ( b )  and a photograph i n  2 ( b ) ,  and d e t a i l s  of t h e  small 
cariard trimers are shown i n  f i g u r e  l ( e )  . 
f i x e d  a t  a d e f l e c t i o n  of loo, t h i s  area was about 2 percent  of t h e  
exposed wing area, and t h i s  span w a s  s l i g h t l y  less than  t h e  m a x i m u m  body 
diameter.  Except f o r  a c o n t r o l  housing and canard trimmers, model 2 and 
nodel 1 were ceometr ical ly  similar. Coordinates of t h e s e  n o d i f i c a t i o n s  
are l i s t e d  i n  t a b l e s  I1 and 111. 

A s k e t c h  of t h i s  model i s  

The canard t r inmers  were 

Model 3 

A tkree-view sketch of model 3 is  shown i n  f i g u r e  l ( c ) ,  a photo- 
graph of t h e  model i n  f i g u r e  2 ( c ) ,  and a pkotograph of t h e  model-booster 
conblnation i n  figure 2 ( d ) .  Since t h i s  model w a s  used t o  i n v e s t l g a t e  
l a t e ra l  s t a b i l i t y  of t h e  Regulus I1 configurat ion,  pu l se  rocke t s  were 
loca ted  t o  d i s t u r b  t h e  model i n  yaw; s i x  were mounted i n  t h e  nose of t h e  
model. 
f i n ;  otherwise model 3 was sinilar t o  model 1. The v e r t i c a l  t a i l  w a s  
designed l a r g e  enough t o  f u r n i s h  t h e  same s t a t i c  d i r e c t i o n a l  s t a b i l i t y  
as t h e  f u l l - s c a l e  mis s i l e - au top i lo t  system. During manufacture, a sec- 
t i o n  on t h e  r i g h t  s i d e  of t h e  v e r t i c a l  t a i l  w a s  i n a d v e r t e n t l y  undercut; 
it was then f i l l e d  with a hard p l a s t i c .  
i n  f i g d r e  2 ( d ) .  The maximum depth of t h e  f i l l e d  undercut was est imated 
t o  be l , /h of tl?e l o c a l  thickness  of the f i n .  
f l i g k t ,  probably because of t h e  f l e x i b i l i t y  of t h e  f i n .  

An oversized v e r t i c a l  t a i l  w a s  enployed i n  l i e u  of a v e n t r a l  

The a f f e c t e d  area i s  v i s i b l e  

This f i l l i n g  came ou t  i n  

Models 4 and 5 

Models 4 and 5 were as near ly  i d e n t l c a i  as p o s s i b l e  and were both  
used t o  determine t o t a l  drag. A sketch of models 4 and 5 i s  shown i n  
f i g u r e  l ( d )  . 
c a l l y  similar i n  o t h e r  r e spec t s  t o  model 1. The drag models were t e s t e d  
wi th  a forward center-of-gravity loca t ion  t o  i n s u r e  s u f f i c i e n t  s t a t i c  
s t a b i l i t y  f o r  a nea r ly  z e r o - l i f t  f l i g h t  path.  Nei ther  model contained 
any instrumentat ion bu t  each had a smokepot t o  a i d  t h e  radar ope ra to r s  
i n  t r a c k i n g  t k e  model as t h e  boos te r  separated.  

These models d i d  not have v e n t r a l  f i n s  b u t  were geometri- 

Models 1, 2,  and 3 were equipped with a s tandard YUCA t e l eme te r  t o  
t ransmit  t e n  co-ntinuous measurements t o  t h e  ground during f l i g h t .  
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p o s i t i o n  of t h e  model-in-space, and a CW Doppler u n i t  t o  measwe i t s  
l ine -o f - s igh t  ve loc i ty .  Am'oient pressure,  temperature,  dew p o i n t ,  and 
v e l o c i t y  of winds a l o f t  were measured by a rawinsonde bal loon launched 
h m e d i a t e i y  after each model f l i g h t .  

Models 1, 2, and 3 were instrumented t o  measure angle  of attack, 
angle of  yaw, normal acce le ra t ion ,  t r ansve r se  a c c e l e r a t i o n ,  l o n g i t u d i n a l  
acce le ra t ion ,  p i t o t  s t agna t ion  pressure,  duct t o t a l  p re s su re ,  duct s t a t i c  
pressure,  base pressure,  and a n  angular a c c e l e r a t i o n .  The angular  
a c c e l e r a t i o n  i n  p i t c h  w a s  measured f o r  models 1 and 2,  b u t  t h e  angular  
accelerometer i n  model 3 was used t o  determine r o l l  a c c e l e r a t i o n .  An 
average r o l l  ra te  was obtained by measuring t h e  angular  rate of t h e  
po la r i zed  telemeter s i g n a l  received from t h e  model. 

T o t a i  p re s su re  i n  t h e  duct w a s  measured by a s l o t t e d  i n t e g r a t i n g  
t o t a l - p r e s s u r e  rake.  The duct s t a t i c  p re s su res  w a s  measured by  f o u r  
manifolded s t a t i c - p r e s s u r e  holes  located around t h e  per iphery of t h e  
duct a t  t h e  measuring s t a t i o n .  The l o c a t i o n  of t h e s e  pickups i n  t h e  
duct i s  shown i n  f i g u r e  l ( e ) .  
of t h e  base, manifolded t o  measure an average base p res su re ,  is also 
shown i n  figure l ( e ) .  The duct s t a t i c  p r e s s u r e  of models 1 and 3 was 
measured d i r e c t l y .  The duct t o t a l  pressure w a s  determined from t h e  
measured d i f f e rence  between t h e  duct s t a t i c  and t h e  duct  t o t a l  p re s su re .  
The accuracy of t h e  duct measurements o f  model 2 w a s  improved by using 
low-range gages t o  measure t h e  d i f f e rence  between t h e  free-stream p i t o t  
p re s su re  and t h e  duct s t a t i c  p re s su re  and a l s o  between t h e  free-stream 
p i t o t  p re s su re  and t h e  duct t o t a l  pressure.  Addit ional  accuracy of t h e  
p re s su re  measurements w a s  obtained f o r  model 2 by e l imina t ing  t h e  base 
p res su re  pickup and using t h i s  te lemeter  channel f o r  a low-range p res -  
su re  c e l l  on t h e  free-stream p i t o t  pressure pickup i n  conjunct ion w i t h  
t h e  e x i s t i n g  high-range p res su re  c e l l .  

The loca t ion  of t h e  holes  i n  t h e  annulus 

TESTS AND ANALYSIS 

Tests 

Models 1, 2, 3, and 5 were a l l  boosted t o  supersonic speeds by a 
p a i r  of so l id -p rope l l an t  Deacon rocke t  motors. The boos te r ,  shown i n  
f i g u r e  2 (d ) ,  was t y p i c a l  of a l l  models except model 4 ,  which was boosted 
by a s i n g l e  Deacon u n i t .  
t h r u s t  f o r  3 seconds. 
t h e  booster  separated from t h e  model by v i t u e  of i t s  higher d e c e l e r a t i o n  
along t h e  f l i g h t  pa th .  
sequence, d i s tu rbed  t h e  model from L t s  t r i m  cond i t ion  as it coasted t o  

Each motor s q p l i e d  about 6,000 pounds of 
When t h e  booster  motors exhausted t h e i r  f u e l ,  

Pulse  rocke t s ,  i g n i t i n g  i n  a predetermined 
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higher a l t i t u d e s  anci"ttp@da&d z n  $$edy qhe:s tg i ta  :and{*amic s t a b i l -  
i t y  P a r m e t e r s  were % ~ ~ o e ~ o $ ~ &  ~ & n , g J F I & T b r ~ e s  &&owed during t h e  
t i m e  t h e  model o s c i l l a t e d  f r e e l y  about t h e  t r i m  angle  of a t t a c k  o r  ang le  
of s i d e s l i p .  

F l i g h t  condi t ions of each model tkxroughout t h e  tes t  Mach number 
range are shown i n  f i g u r e  3: t h e  r a t i o  of  ambient s ta t ic  pressure t o  
sea - l eve l  s tandard p res su re  i n  figure 3(a), t h e  Reynolds number based 
on t h e  mean geometric chord of the w i n g  i n  figure 3(b), and t h e  Mach 
n m b e r  range corresponding t o  each pu l se  rocke t  and sepa ra t ion  d i s t u r b -  
ance i n  figure 3( c) . 

The r i g h t  wing, t h e  v e r t i c a l  t a i l ,  and t h e  v e n t r a l  f i n  of each 
mcidel were s t a t i c a l l y  loaded a t  various spanwise s t a t i o n s  along t h e  
quarter-chord and half-chord l i n e s .  D i a l  gages loca t ed  a t  t h e  l ead ing  
and t r a i l i n g  edges of t h e  wing, o r  f i n ,  were used t o  measure t h e  t w i s t  
and t h e  displacement of t h e  l o c a l  chord w i t h  r e s p e c t  t o  t h e  r o o t  chord 
a t  fou r  o r  f i v e  s t a t i o n s  along t h e  span. The s t r u c t m a l  inf luence coef- 
f i c i e n t s  6/L 
were determined from t h e s e  s ta t ic  t e s t s  and are presented i n  f i g u r e  4. 

( t w i s t  pe r  u n i t  bending load) of each l i f t i n g  su r face  

Reduction of Data 

Aeroe1ast ic i ty . -  The a e r o e l a s t i c  p r o p e r t i e s  of t h e  wing were cal- 
cu la t ed  f o r  t h e  test  Mach number range by t h e  method of r e fe rence  8. 
The r a t i o  of t h e  l i f t - c u r v e  s lopes f o r  r i g i d  and e l a s t i c  wings and t h e  
forward s h i f t  of t h e  aerodynamic-center l o c a t i o n  r e s u l t i n g  from wing 
f l e x i b i l i t y  were ca l cu la t ed  and are shown i n  f i g u r e  5 .  These ca l cu la -  
t i o n s  r equ i r ed  t h e  neasured t w i s t  of the wing f o r  a u n i t  bending load  
( f i g .  4(a))  and t h e  t h e o r e t i c a l  span-load d i s t r i b u t i o n  obtained f o r  
var ious Mach nurrhers from re fe rences  9 and 10. 

The r a t i o  of r i g i d  t o  e l a s t i c  l i f t - c u r v e  s l o p e s  and t h e  s h i f t  of t h e  
aerodynamic c e n t e r  were not  ca l cu la t ed  f o r  t h e  v e r t i c a l  f i n s .  The lon-  
g i t u d i n a l  models had s u f f i c i e n t  d i r e c t i o n a l  s t a b i l i t y  f o r  t h e  e las t ic  
condi t ion and data from t h e  lateral model were q u a l i t a t i v e  s i n c e  p a r t  
of t h e  v e r t i c a l  t a i l  w a s  l o s t  i n  f l i g h t .  However, t h e  in f luence  c o e f f i -  
c i e n t s  of t h e  ver t ical  f i n s  are  included i n  figure 4 f o r  gene ra l  
information. 

Longitudinal s t a b i l i t y . -  S t a t i c  and dynanic s t a b i l i t y  parameters,  
c a l c u l a t e d  by methods descr ibed i n  reference 11, were obtained from t h e  
short-per iod p i t c h  o s c i l l a t i o n s  of t h e  rr,odel a f te r  t h e  d i s tu rbances  t h a t  
occurred a t  t h e  Mach numbers shown i n  f i g w e  ? ( e ) .  All ang les ,  f o r c e s ,  
and moments measured i n  f l i g h t  were r e f e r r e d  t o  t h e  c e n t e r  of g r a v i t y  
of t h e  model. Forces,  moments, and duct p re s su res  were converted t o  
nondimensional form, and r e s u l t s  similar t o  t h e  samples shown i n  
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and c% degree-of-freedon a n a i y s i s  t o  determine average values  of 

C n q +  CPs f o r  t h e  range of angle  of  a t t a c k  obtained i n  f l i g h t .  

t o t a l  p i t c h i n g  moment, without t he  damping moments, w a s  obtained from 
t h e  measured p i t c h i n g  a c c e l e r a t i o n  6 by t h e  fol lowing r e l a t i o n :  

The 

The l a s t  ten= .*;as n e g l i g i b l e  and was el iminated from t h e  ca l cu la t ion ;  
t ke  p i t c h i n g  v e l o c i t y  q, used i n  t h e  ecpat ion t o  account f o r  t h e  damping 

acce le ra t ion .  S a q l e  v a r i a t i o n s  of C, and CL are presented i n  
f i g i r e  ti(b). 

"0 .,.aer:ts. w a s  obtained i n d l r e c t l y  frorr, measured values  of a and normal 

Duct.- Tke to t a l -p re s su re  recovery of t h e  duc t ,  o r  t h e  r a t i o  of t h e  - 
averase duct t o t a l  p re s su re  t o  t h e  free-stream t o t a l  pressure,  was deter- 
mined by xeasuring p res su re  differences as descr ibed i n  t h e  s e c t i o n  
e n t  Ltled "Instrumentation" and by applying t h e  a d i a b a t i c  r a t i o  of t h e  
free-stream t o t a l  p re s su re  t o  measured p i t o t  s t agna t ion  p res su re .  Once 
t h e  s t a t i c  p res su re  i n  t h e  duct was de temined ,  t h e  mass-flow r a t i o  
could be c s l c u l a t e d  by t h e  fol lowing r e l a t i o n :  

The Mzck ixmber i n  t h e  duct was determined f r o n  t h e  aeasured s t a t i c  and 
t o t a l  pressures .  
w a s  t h e  c ros s - sec t iona l  area of t h e  duct p o j e c t e d  t o  a plane perpendicu- 
lar t o  t h e  model cen te r  l i n e  a t  t h e  i n l e t  Lip, s t a t i o n  36.54. A t  sub- 
sonic  speeds t h e  c ros s - sec t iona l  area a t  t h e  measuring s t a t i o n  w a s  Ad 
i n  equat ion (2). However, when t h e  duct exi'v w a s  c e r t a i n  t o  be son ic ,  at 
f l i g h t  Xach n w b e r s  greater than  M = 1.1, it w a s  found t h a t  u / w 0  could 
be obtained ;ore a c c m a t e l y  by assuming th t  a normal shock, Md = 1.0, 

e x i s t e d  near t h e  duct e x i t .  The s t a t i c  p re s su re  near  t h e  due% e x i t  was 
obtained f r o n  t h e  measured duct t o t a l  p re s su re  and a d i a b a t i c  channel 
r e l a t i o n s ,  assuming a 1-percer,t loss i n  t o t a l  p re s su re  between t h e  meas- 
;x-ing s t a t i o 2  and t h e  mLnimuni s t a t i o n .  
were ccntinuous, t h e  v a r i a t  loris of t h e  t o t a l - p r e s s u r e  recovery 

The reference i n l e t  area ( A i  = 6.68 square inches)  

Since a l l  p re s su re  measurements 
p t ,  d/Pt 
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and riass-flow r a t i o  r,&?;. wg.t'n'%ngX o f  & J m d .  Sample 
p l o t s ,  chosen t o  skow g r e a t e s t  v a r i a t i o n s ,  are shown i n  f i g u r e s  6 ( c )  
and 6 ( d ) .  

Drag.- T o t a l  drag c o e f f i c i e n t s  were obtained from accelerometer 
d a t a  f o r  models 1 and 2 and checked wi th  d a t a  from CW Doppler radar 
after co r rec t ions  for  wind and f l i g h t - p a t h  ang le  were made. 
of models 4 and 5 were determined from r a d a r  d a t a  a lone.  Sample varia- 
t i o n s  of t h e  t o t a l  drag of models 1 and 2 are shown i n  f i g u r e  6 (e) .  
T o t a l  drag includes i n t e r n a l  drag of t h e  duct ,  any s p i l l a g e  drag caused 
by t h e  overflow of a i r  a t  t h e  i n l e t ,  and base drag. 
and base drag of t h e  nodel are sub t r ac t ed  from t h e  t o t a l  drag, s i n c e  
t h e  i n t e r n a l  duct reardard of t h e  d i f f u s e r  and t h e  base annulus area 
are not t h e  saxe as i n  t h e  p o t o t j r p e .  
a r , ~  s p l l l a g e  o r  a d d i t l v e  drag, i s  r e f e r r e d  t o  as e x t e r n a l  drag. 

Drag d a t a  

The i r , t e rna l  d rag  

The renaining drag,  which includes 

The i n t e r n a l  drag i s  d e t e m i n e d  f r o x  t h e  manentun! loss  between t h e  
entrance and e x i t  of t h e  duct while  t he  model i s  a t  t h e  angle  of a t t a c k  
f o r  minimum drag. 
t h e  e x i t  p re s su re  of t h e  duct are known it i s  p o s s i b l e  t o  c a l c u l a t e  t h e  
i n t e r n a l  drag c o e f f i c i e n t  by t h e  following r e l a t i o n :  

Once t h e  mass-flow r a t i o ,  t h e  e x i t  Mach number, and 

A s  i n  t h e  case of t h e  rass-f low r a t i o ,  t h e  s t a t i c  p re s su re  a t  t h e  ex i t  
w a s  obtained from t h e  measured duct t o t a l  p re s su re  and t r a n s f e r r e d  t o  
t h e  e x i t  by means of t h e  appropr i a t e  area r a t i o s ,  assuming a 1-percent 
l o s s  i n  t o t a l  p re s su re  r e s u l t i n g  from f r i c t i o n  over t h e  d i s t a n c e  from 
t h e  measuring s t a t i o n  t o  t h e  e x i t  s t a t i o n .  Knowing t h e  Mach number a t  
t h e  e x i t ,  t h e  s t a t i c  p re s su re  a t  t h e  e x i t  may be obtained from a d i a b a t i c  
gas r e l a t i o n s .  The i n t e r n a l  drag may be determined f o r  t h e  cond i t ion  
i n  which t h e  e x l t  of t h e  duct is no t  choked (Q < 1.0 
s t a t i o n  near  ex i t )  by assuming that the  ex i t  s t a t i c  p re s su re  i s  equa l  
t o  t h e  base p re s su re  measured on t h e  annulus. 
was not neasured on model 2, t h e  ex i t  p re s su re  a t  subsonic speeds w a s  
determined from t h e  p r e s s m e  coe f f i c i en t  of t h e  base annulus of model 1. 
These average, nondimensional pressure c o e f f i c i e n t s  of t h e  base were 
converted t o  base drag c o e f f i c i e n t s  and used w i t h  t h e  i n t e r n a l  drag 
c o e f f i c i e n t s  t o  ob ta in  t h e  e x t e r n a l  drag of model 2 from t h e  t o t a l  meas- 
ured values .  

a t  minimum-area 

Since t h e  base p res su re  

By a s s m i n g  t h e  drag p o l a r s  t o  be pa rabo l i c  ( t h i s  w a s  pe rmis s ib l e  
s ince  CD var i ed  l i n e a r l y  with CL2 mer tlhe angle-of-atLack range of 
t h e  i n v e s t i g a t i o n )  , it was p o s s l b l e  t o  c a l c u l a t e  of t h e  model (L/D)max 
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where t k e  minixm drag c o e f f i c i e n t  C , t h e  l i f t  a t  C (desig-  
Dmin - Dxin 

nated CL'), and t h e  drag due t o  lift dC 'dC ' were known. It should 
be remembered that t h e  value of c a l c u l a t e d  by t h i s  method i s  
dependent upon t h e  o r i g i n  of t h e  inputs  i n t o  t h e  equations.  

D I  L 
(L/D),rax 

Lateral s t a b i l i t y . -  Average values of C i r ,  C l p ,  C nr - Cn.7 
P'  P 

and CnP were determined f o r  model 3 a t  14 = 1.& by a vector-analysis  

nethod developed i n  reference 12.  
using vector  so lu t ions  of t h e  equations of motion desc r ib ing  t h e  s i d e  
f o r c e ,  ro- l lng moment, and yawing moment of t h e  model and t h e  e s s e n t i a l  
f e a t u r e s  of t h e  o s c i l l a t o r y ,  c r  Dutch r o l l ,  p a r t  of the l a t e ra l  response 
of pulse-rocket dis turbances i n  t h e  yaw plaze.  The c h r a c t e r i s t i c s  of 
t h e  o s c i l l a t i o n  used t o  solve f o r  t h e  magnitude and d i r e c t i o n  of t h e  
unknown vec to r s  were: t h e  per iod,  t h e  damping f a c t o r ,  t h e  s lope  of t h e  
l a t e r a l - f o r c e  c o e f f i c i e n t ,  t h e  phase angle ( o r  time l a g  between t h e  
angle  of s i d e s l i p  and t h e  la teral  fo rce  and a l s o  between t h e  angle  of 
s i d e s l i p  and t h e  angular a c c e l e r a t i o n  i n  r o l l ) ,  and t h e  r a t i o  of t h e  
maximum amplitudes of t h e  s i d e s l i p  t r a n s i e n t  t o  t h e  maximum amplitudes 
of t h e  t r a n s i e n t s  of lateral f o r c e  and r o l l i n g  acce le ra t ion .  Vectors 
r ep resen t ing  t h e  t i m e  d e r i v a t i v e s  and i n t e g r a l s  of measured d i sp lace -  
n e n t s ,  v e l o c i t i e s ,  and a c c e l e r a t i c n s  vere  cbtained d i r e c t l y  as f i m c t i o n s  
of t h e  r o t a t i n g  frequency of t h e  vec tc r  and t h e  damplng of t h e  t r a n s i e n t .  
The weight vector  was assumed t o  be neg l ig ib l e ,  t he  s lope 

obtained d i r e c t l y  from t h e  c ros s  plots, t h e  angle of a t t a c k  i n  r a d i a n s  
w a s  an average value f o r  t h e  du ra t ion  of t h e  o s c i l l a t i o n ,  and t h e  r o l l  
rate w a s  t he  i n t e g r a l  of t h e  measured r o l l  acce l e ra t ion .  

These c o e f f i c i e n t s  were c a l c u l a t e d  by 

CYD was 
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Only the  da t a  res-dting fror?. t h e  f i r s t  pu l se  rocke t  could be ana- ... lyzed by t h e  method of r e f e r e m e  12 since t h e  r o i l i n g  Veloci ty  of 
model 3 reached high rates and t h e  l a t e r a l  mode of t h e  motion coupled 
wi th  t h e  long i tud ina l  mode. The divergence boundaries of model 3 were 
c a l c u l a t e d  by t h e  method of reference 13, using t h e  xeasured values  of 

of model 3 w i t h  t h e  help of reference 1 z n d  some unpublished wind- 
tunne l  data. 

.... .... . t h e  p i t c h  parameters of model 1 and estirnating t h e  la teral  parameters 
m..i.o. 

L 

Accuracy.- The accuracy of a set  of data i s  o f t e n  d i f f i c u l t  t o  
determine s ince  it involves not only an e s t ima t ion  of  t h e  p r e c i s i o n  of 
t h e  rr.easured q u a n t i t i e s  b:t a l s o  an est lmat ion of t h e  s y s t e x a t i c  and 
accidei:tal e r r o r s  encountered i n  reducing t h e  d a t a  t o  f i n a l  f o m .  The 
r e l i a b i l i t y  of d a t a  i s  o f t e n  subs t an t i a t ed  by comparison of r e s u l t s  
o t t a i n e d  by us i cg  d i f f e r e n t  t e s t i n g  techniques,  o r  by t h e  r e p e a t a b i l i t y  
of res3Ats obtained by us ing  t h e  same technique. Experience has shown 
t h a t ,  when such comparisons can be made, t h e  magnitude of t h e  accuracy 
is  ind ica t ed  by dev ia t ions  of t h e  results.  However, a t h e o r e t i c a l  
accuracy can be ca l cu la t ed  by s e v e r a l  methods, such as cean-square e r r o r ,  
probable e r r o r ,  o r  average e r r o r .  
w a s  ca l cu la t ed  by t h e  method of probable e r r o r  as descr ibed i n  refer- 
ence 14. The method i s  o u t l i n e d  i n  the appendix and t h e  r e s u l t s  f o r  
models 1, 2, and 3 are shown i n  table V.  

The accuracy of t h e  d a t a  used he re in  

FESULTS AND DISCUSSION 

L i f t  

Saxpie p l o t s  of t h e  l i f t  c o e f f i c i e n t  as a func t ion  of angle  of 
a t t a c k  f o r  models 1 and 2 are presented f o r  three r e p r e s e n t a t i v e  Mach 
numbers i n  f i g u r e  6(a) t o  i n d i c a t e  t h e  range and l i n e a r i t y  of t h e s e  
v a r i a b l e s .  Over t h e  l a r g e s t  range of  angle of  a t t a c k ,  about 20’ at  
M = 0.9, t h e  l i f t  curve va r i ed  less than 3 percen t  from a s t r a i g h t  l i n e .  

The l i f t - c u r v e  s lopes  of model 1 and model 2 and s lopes obtained 
from t h e  wind-tunnel data of reference 1 a r e  presented i n  figure 7. 
These d a t a  f o r  models 1 and 2 were obtained from measured c r o s s  p l o t s  
similar t o  those shown i n  f i g u r e  6(a) and r ep resen t  t h e  e l a s t i c  loads 
of t h e  models; however, t h e  l i f t - c u r v e  s lopes  obtained from re fe rence  1 
were e s s e n t i a l l y  rigid-wing da ta .  

of t h e  f l i g h t  model w a s  show2 i n  f igu re  ;(a). 
decreased from about 0.&5 a t  M = 1.0  t o  0.041 a t  M = 2 .0 .  It can 
be  concluded t h a t  t h e r e  w a s  good c o r r e l a t i o n  between t h e  l i f t  d a t a  f o r  
t h e  two f l i g h t  tests and t h e  wind-tunnel test  a t  supersonic speeds. 
can a l s o  be  seen from fi,we 7 that the e f fec t  of t h e  canard trimmers 

cLa The r a t i o  of r i g i d  t o  elastic 

The l i f t - c u r v e  s lope  

It 



c 

0:: t h e  l l f t - c m v e  s lope w a s  m a l l ,  except poss ib ly  a t  low t r anson ic  
speeds. 
p r o d w e  a l o s s  i n  t h e  l i f t - c u r v e  slope at t h e s e  speeds b u t  t h e  d i f f e r -  
ence i n  t h e  o v e r a l l  configurat ions of models 1 and 2 w a s  e v i d e n t l y  s u f f i -  
c i e n t  t o  produce t h i s  change i n  C . 

It w a s  d i f f i c u l t  t o  determine any flow mechanism t h a t  would 

La 

S t a t i c  S t a b i l i t y  

The s ta t ic  l o n g i t u d i n a l  s t a b i l i t y  of models 1 and 2 is shown i n  
The pe r iod  of t h e  measured p i t c h  o s c i l l a t i o n s  i s  shown i n  f i g w e  &. 

f i g u r e  &(a ) ,  t h e  r,ondimensional spring constant  of t h e  airframe i n  
f i g m e  8(b), and t h e  loca t ion  of t h e  aerodynanic c e n t e r  i n  f i g u r e  6 ( c ) .  
Tke Ic:git-;di?al l o c a t i o n  of t h e  center  of g r a v i t y  re la t ive t o  t h e  wing 
w a s  t h e  same f o r  bot;? models, forward of t h e  leading edge of t h e  mean 
geomr,r ic  chord by &5.2 percent  of the mean gecne t r i c  chord. V i t h  t h e  
v e z t r a l  f i n ,  t h e  l a t e ra l  s t a b i l i t y  was s u f f i c i e n t  a t  supersonic speeds 
$0 l i m i t  t he  angle of s i d e s l i p  t o  less than Lo and t h e  r o l l  rate t o  less 

t ? a n  1 rad ian  pe r  second. A t  t ransonic  and subsonic speeds t h e  maximum 
angle of s i d e s l i p  w a s  less than  11’ and t h e  roll rate was less than  2 
2 r ad ians  per  second. 

2 

The per iod shown i n  f i g x e  8(a) was obtained from t r a n s i e n t s  where 

ind ica t ed  t h a t  model 2 viis rr,ore s t a b l e  than  model 1 a t  t r a n s o n i c  
t h e  p l t c h i r g  noxent va r i ed  l i n e a r i l y  with t h e  L i f t .  

Cma 
speeds but  s l i g h t 1 3  less stdole thari rr.odel 1 a t  supersonic speeds. Thus, 
when s m a l l  f i x e d  canard trimners and FL d o r s a l  f a i r i n g  were added t o  t h e  

lncreased negat ively by as zuck as 46 pe rcen t  bas i c  eonf igu ra t ioc ,  

a t  14 = 1.0 and decreased about 15 percent a t  supersonic speeds. Since 
t h e  prGtotype w i l l  be f l o m  st a s t a t i c  margin near  zero f o r  l a r g e r  
response, t h e  loss  i n  

a t  supersonic speeds, and it i s  des i r ab le  from an autom-atic-control 
throughout t h e  speed s tandpoint  t o  have a smooth v a r i a t i o n  o f  

range of t h e  missile. It would be easier t o  match t h e  c h a r a c t e r i s t i c s  
v a r i e d  through of t h e  a u t o p i l o t  t o  t h e  airfrane aerodynamics i f  

the  t r anson ic  region as f o r  model 2 than if it v a r i e d  as f o r  model 1. 

Both t h e  p e r i o d  and 

c% 

Cma 
r e s u l t i n g  f ro=  t h e  canards i s  not c r i t i c a l  

c”a 

cma 

The l o c a t i o n  of t h e  aerodynaqic center  w i t h  r e s p e c t  t o  t h e  l ead lng  
edge of t h e  mean geometric chord is  shown i n  f i g u r e  8 (c ) .  
speeds t h e  aerodynamic-center l c c a t l o z s  sf b o t h  models 1 and 2 were 
S a i r l y  constant ,  t h a t  of ?,ode1 1 a t  0.35F and t h a t  of model 2 a t  0.2%. 
The t u n c e l  tests ind ica t ed  that f o r  a r i g i d  wing the aerodynaqic c e n t e r  
would be about O.O7c’ forward of t h e  f l i g h t - t e s t  values .  

At supersonic 

A t  I.yI = 0.9 
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t h e  aerodynamic cen te r  of model 1 was a t  about 0.1OE and f o r  model 2 it 
w a s  a t  about O.OgC'. The v a r i a t i o n  of t h e  aerodynamic-center l o c a t i o n  
wi th  Mach nuriber w a s  improved throughout t h e  t r anson ic  reg ion  when canard 
trimmers and a body f a i r i n g  were added t o  t h e  b a s i c  conf igura t ion .  

Dynamic S t a b i l i t y  

The long i tud ina l  dynamic s t a b i l i t y  of models 1 and 2 is demonstrated 
The time r equ i r ed  f o r  t h e  maximum amplitude of t h e  p i t c h i n g  i n  f i g u r e  9. 

t r a n s i e n t s  t o  reduce t o  one-half of a given value,  f o r  the p a r t i c u l a r  
f l i g h t  condi t ions  of models 1 and 2, is shown i n  f i g u r e  9(a).  
a nondimensional value of t he  damping i n  p i t c h ,  t h e  r o t a t o r y  damping 
d e r i v a t i v e  C + C i s  presented  i n  figure 9(b) .  

To g ive  

m s %  
When C, + Cm& w a s  compared with the  damping-in-pitch d a t a  of 

9 
s m e  twenty conf igura t ions  of reference 15, it w a s  apparent  t h a t  models 1 
and 2 gene ra l ly  had b e t t e r  dampicg i n  p i t c h  than  the  t a i l l e s s  configura-  
t i o n s ,  and damping comparable t o  that of most conf igura t ions  t h a t  had 
a ho r i zon ta l  t a i l  o r  used canard surfaces .  The damping d a t a  of f i g -  
ure  9(b) followed the  t r e n d  assoc ia ted  wi th  wings inco rpora t ing  l o w  
angles  of sweepback - t h a t  is, a lower va lue  of damping a t  t r a n s o n i c  
speeds than  a t  t h e  low supersonic  Mach numbers. However, as shown i n  
t h i s  f i gu re ,  bo th  models 1 and 2 were dynamically stable throughout t h e  
range from M = 0.8 t c  M = 2.0. The v a r i a t i o n  of t h e  damping i n  p i t c h  
wi th  Mach number i s  o f t e n  xore important t han  t h e  abso lu te  magnitude f o r  
a m i s s i l e  r equ i r ing  an automst ic  cont ro l  system. The danping-in-pi tch 
d e r i v a t i v e  of model I var i ed  from -6 t o  -14, and t h a t  of model 2 va r i ed  
from -8 t o  -19. 

When t h e  airframe damping i s  small compared wi th  t h a t  r equ i r ed  of 
a missile i n  a con t ro l l ed  maneuver, as it i s  i n  t h i s  case ,  t h e s e  v a r i a -  
t i o n s  l o s e  t h e i r  s ign i f i cance  s i n c e  a l a rge  percentage of t h e  r equ i r ed  
damping i s  added a r t i f i c i a l l y .  On an average t h e  damping of model 1 was 
about 5 percent  of i t s  c r i t i c a l  damping and that of model 2 about 6 per-  
cen t  of c r i t i c a l ,  b u t  t h e  t o t a l  damping r equ i r ed  f o r  t h e  t a c t i c a l  missile 
may be as much as 50 percent  of c r i t i c a l .  

T r i m  

The t r i m  angle  of a t t a c k ,  t h e  trim l i f t  c o e f f i c i e n t ,  and t h e  
pitching-iriument c o e f f i c i e n t  a t  zero lift a r e  shown i n  f i g u r e  10 f o r  t k e  
t e s t  Mach number range of models 1 and 2.  These were t h e  angle  of 
a t t a c k  and l i f t  measured when t h e  t o t a l  p i t c h l n g  moment, co r rec t ed  f o r  
t h e  damping moment was zero.  These t r i m  va lues  correspond t o  t h e  s teady-  
state p a r t  o f  t h e  t r a n s i e n t s  of a and CL. A l l  d a t a  were measured f o r  
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- t h e  center  of g r a v i t y  loca ted  a t  0.455 ahead of t h e  leading edge of 

(See f i g s .  l ( a )  and l ( b ) . )  
c .  

The  t r i m  l i f t  c o e f f i c i e n t  of model 1 w a s  r e l a t i v e l y  l a r g e  a t  sxper- 
sonic  speeds. 
a t  t h e  leading edge of t h e  mean geometric chord, as i n  r e fe rence  1, 
excessive negat ive elevon de f l ec t ion  would be r equ i r ed  t o  maintain 
trimmed l e v e l  f l i g h t  at  a l t i t u d e  and the  e x t r a  drag a s soc ia t ed  wi th  
these  elevon de f l ec t ions  would reduce t h e  e f f e c t i v e  range of t h e  missile. 
To combat t hese  d i f f i c u l t i e s  two s i z e s  of small canard trimners were 
loca ted  w e l l  forward on t h e  nose and t e s t e d  i n  t h e  4- by 4-foot super- 
sonic  pressure  tunnel  a t  M = 2.01 ( r e f .  2 ) .  It i s  qu i t e  apparent from 
f i g u r e  10 that t h e  small canard trimmers of model 2 ( f i x e d  a t  a def lec-  
t i o n  of 10') were e f f e c t i v e  i n  changing t h e  t r i m  t o  a more favorable  
value.  
increased the  t r i m  angle of a t t a c k  about lLo throughout t h e  Mach number 

range. Reference 2 ind ica t e s  that the  c o n t r o l  housing w a s  s l i g h t l y  
d e t r i n e n t a l  t o  t k e  t r i m  l i f t  a t  
e f f e c t  on the  t o t a l  l i f t  and drag of the airframe. It was poss ib l e  
t h a t  t h e  con t ro l  housing may have been respons ib le  f o r  t h e  s l i g h t  i r r e g -  
u l a r i t i e s  noted i n  t h e  t r i m  c h a r a c t e r i s t i c s  of model 2 a t  supersonic  
speeds. 

(See f i g .  10.) When the cen te r  of g r a v i t y  was loca ted  

For tkie p a r t i c u l a r  s t a b i l i t y  of t h e  f l i g h t  model, t h e  canards 

2 

14 = 2.0, a l though it had a neg l ig ib l e  

is a func t ion  only of t h e  
cmO 

The p i t ch ing  noment a t  zero l i f t  

aerodynamic shape of a conf igura t ion  and i s  not  dependent upon t h e  
long i tud ina l  l oca t ion  o f  t h e  center  of g rav i ty .  
d e f l e c t i o n  required t o  p i t c h  a mis s i l e  t o  a predetermined t r i m  i s  
l a r g e l y  dependent upon the  value of C . Since c r u i s e  m i s s i l e s  f l y  

a t  constant  a l t i t u d e s  it i s  o f t e n  des i r ab le  t o  have a conf igura t ion  f o r  
of s u f f i c i e n t  mag- which t h e  aerodynamic flow produces a p o s i t i v e  

n i tude  t o  obta in  t h e  c r u i s e  l i f t  coe f f i c i en t  without d e f l e c t i o n  of t h e  
con t ro l s .  

The amount of c o n t r o l  

mO 

cmO 

f o r  bo th  
cmO 

Aside from some v a r i a t i o n s  at t ransonic  speeds, 

models 1 and 2 w a s  regular wi th  Mach number and nea r ly  cons tan t  above 
M = 1.6. However, because of t h e  underslung i n l e t  and duct ,  

t h e  b a s i c  conf igura t ion  w a s  negat ive a t  a l l  Mach numbers. (See curve 
for model 1 ir, f i g .  10.) 
requi red  t o  o f f s e t  

ob ta in  a p o s i t i v e  t r i m  l i f t .  
about 20 of elevon d e f l e c t i o n  would be requi red  t o  ob ta in  p o s i t i v e  lift 
a t  supersonic speeds; however, 

improved. I n  conclusion, t h e  negat ive value of C;, f o r  model 1 w a s  

f o r  
cmO 

About 12O of elevon d e f l e c t i o n  would be 
before  any elevon power could be used t o  

With t h e  small canard trimmers, only 

i n  t h e  t r anson ic  regime i s  not  
cmO 

0 



t o o  l a r g e  f o r  e f f i c i e n t  c r u i s e  a t  supersonlc speeds, and adding t h e  
canard trimmers reduced C 

increased it a t  low t r anson ic  speeds. 

t o  near ly  zero a t  supersonic speeds b u t  mo 

Duct 

l& 

The i n l e t  of models 1 and 2 operated s a t i s f a c t o r i l y  throughout t h e  
t e s t  Mach number range of  0.8 t o  2.1; however, t h e  duct d a t a  of model 3 
were obviously erroneous a t  Mach numbers less than  1.8, and t h e r e f o r e  
are presented only f o r  M = 1.8 t o  M = 2.0. The t o t a l - p r e s s u r e  recov- 
e r y  acd t h e  mass-flow r a t i o ,  averaged a c r o s s  t h e  duct a t  i t s  l a r g e s t  
c ros s  sec t ion ,  were used t o  i n d i c a t e  t h e  performance of t h e  duct  and 
are shown i n  f i g u r e  11. The inf luence of angle  of a t t a c k  on t h e  p re s -  
sure recovery and t h e  r a t i o  of t h e  mass flows, at three r e p r e s e n t a t i v e  
f k c h  riumhers, i s  shown i n  f i g u r e s  6 ( c )  and 6 ( d ) ,  r e spec t ive ly .  

Since t h e  scoop i n l e t  w a s  designed f o r  c r u i s e  near  M = 2.0, a 
supersonic d i f f u s e r  w a s  u t i l i z e d  i n  l i e u  of a normal-shock d i f f u s e r  t o  
reduce i n l e t  s p i l l a g e  and t o  inc rease  t h e  p re s su re  recovery. 
of t o t a l  free-stream p res su re  t h a t  can be recovered by  t h e  i n l e t -  
d i f fuse r -duc t  system i s  dependent upon t h e  l o s s e s  i n  t h a t  system. 
include shock l o s s e s ,  l o s s e s  due t o  s l i p  r eg ions  i n  t h e  d i f f u s e r  behind 
i c t e r s e c t i n g  shock waves, and losses due t o  turbulence i n  t h e  subsonic 
p a r t  of t h e  duct.  
i n t o  p o t e n t i a l  energy by means of a supersonic d i f f u s e r ,  a d i f f e r e n t  
flow p a t t e r n  w i l l  e x i s t  a t  t h e  i n l e t  f o r  almost every combination of 
back p res su re  and Mach nmber .  
on t h e  i n l e t  of t h e  f l i g h t  model as it dece le ra t ed  through t h e  speed 
range are shown i n  sketches i n  f i g u r e  l l ( b ) .  
t h e  flow mechanism of t h i s  type of diict can be found i n  t h e  a n a l y s i s  
s ec t ion  of reference 16. 

The amount 

These 

When t h e  k i n e t i c  energy of a flow i s  transformed 

Shock pat5erns  be l i eved  t o  have formed 

An e x c e l l e n t  treatise on 

Consider t h e  f o u r  Mach number regions i n d i c a t e d  by  t h e  sketches i n  
f i g u r e  11 and note t h e  changes i n  t h e  nature  of t h e  p re s su re  recovery 
and t h e  mass-flow r a t i o  at  M = 1.4, 1.6, 1.8, and 2.0. It w a s  b e l i e v e d  
t h a t  t h e  cha rac t e r  of t h e  flow i n  around t h e  i n l e t  s i g n i f i c a n t l y  
changed near t h e s e  Mach numbers. Since t h e  supersonic flow w a s  started 
through t h e  d i f f u s e r  a t  t h e  maximum Msch number, which w a s  obtained 
when t h e  nodel separated from t h e  booster  rozke t ,  t h e  flow w i l l  be  d i s -  
cussed f o r  regions of decreasing Mach nusnber - f i rs t  from t h e  maximum 
t o  14 = 1.8. For t h i s  e n t i r e  r eg ion  the flow w a s  be l i eved  t o  be super- 
c r i t i c a l ,  becomirg nore nea r ly  c r i t i c a l  as t h e  speed decreased t o  
M = 1.8. This was subs t an t i a t ed  by the p re s su re  recovery and mass-flow 
r a t i o  f o r  c r i t i c a l  flow as cietermined by t k e  wind-tunnel t es t s  of r e f e r -  
ence 5 ,  which are included I n  figure 11 f o r  comparison. 
recovery and t h e  t h e o r e t i c a l  maximum recovery of t h e  duct (an i n c l i n e d  

Normal-shock 



s k c k  p l ~ s  a nonr,al shock wi th in  t h e  duc t )  were a l s o  ca l cu la t ed  t o  
e s t a b l i s h  a reference f o r  the  f l l g h t - t e s t  da t a .  I n  t h i s  s u p e r c r i t i c a l  
flow reg ine  t h e  o’clique shock, emanating from t h e  wedge of t h e  lower 
l i p  of t h e  i n l e t ,  covers t h e  e n t i r e  i n l e t  f ace  and prevents  any of t h e  
flow from s p i l l i n g  outward from behind t h e  shock. 
( o r  t h e  free-stream s tagnat ion  pressure)  decreases ,  t h e  t r a n s i t i o n  
shocks moved upstream c l o s e r  t o  the d i f f u s e r  minimum and y ie lded  a more 
e f f i c i e n t  system, as evidenced i n  f igu re  l l ( a )  by t h e  r e l a t i v e  increase  
i n  pressure  recovery between M = 2.0 and M = 1.8. The fact  t h a t  t h e  
mass-flow r a t i o  appears t o  be g rea t e r  than  1 a t  
t o  t h e  fact  t h a t  t h e  a r b i t r a r i l y  chosen capture  a r e a ,  used t o  nondimen- 
s i o n a l i z e  t h e  mass f low,  probably did not  correspond exac t ly  wi th  the  
l o c a l  flow that ex i s t ed  on t h e  f l i g h t  model a t  t h a t  p a r t i c u l a r  Mach num- 
be r .  The a c t u a l  m s s  flow through the i n l e t  w a s  t h e  important parame- 
t e r .  
xass flow occur a t  t h e  sane time, was be l ieved  t o  e x i s t  a t  
Xi th  r e spec t  t o  t h e  normal-shock and the  two-shock recover ies  t h e  pres -  
sure recovery of t he  duct w a s  a maximum and t h e  mass-flow r a t i o  w a s  
near m l t y .  From figure 11 it can be seen that at  M = 1.9 t h e  mass- 
flow r a t i o  w a s  u n i t y  and t h e  measured pressure  recovery w a s  86 percent  
of t he  free-stream t o t a l  p ressure  while t h e  normal-shock recovery w a s  
77 percent  of t h e  t o t a l  pressure.  The good agreement wi th  t h e  tunnel  
da t a  of re ference  5 also ind ica t e s  that t h e  flow i n  t h e  f l i g h t  model 
was near ly  c r i t i c a l ,  p a r t i c u l a r l y  at  M = 1.8. 
dece lera ted  t o  lower Mach numbers t h e  oblique shock on t h e  i n l e t  
steepened and a i r  probably s p i l l e d  outward from t h e  i n l e t  as t h e  shock 
1 I f t e d  from t h e  i n l e t  face .  A s  long as  t h e  shock r e f l e c t e d  from t k e  
bo.mdary-layer s p l i t t e r  p l a t e ,  t h i s  s p i l l e d  a i r  would decrease t h e  
mass-flow r a t i o  i n  t h e  duct without any r e l a t i v e  reduct ion  of pressure  
recovery.  This was evidenced as t h e  models slowed down from M = 1.95 
to M = 1.80. 

A s  t h e  Mach number 

M = L.93 i s  a t t r i b u t e d  

Cr i t ica l  flow, a condi t ion i n  which a high recovery and a l a r g e  
M = 1.9. 

A s  t h e  f l i g h t  model 

A s  model 1 dece lera ted  through M = 1.8 ( a  s l i g h t l y  lower Mach 
number f o r  model 2) t h e  inc l ined  shock was no longer r e f l e c t e d  from t h e  
boundary-layer s p l i t t e r  p l a t e  on the roof of t h e  i n l e t  but  formed a 
normal l e g  forward of t h e  s p l i t t e r  p l a t e .  
t h e  a rea  ava i l ab le  f o r  s p i l l a g e ,  and the  mass flow of air  e n t e r i n g  t h e  
duct w a s  reduced abrupt ly ,  as indica ted  i n  figure l l ( b ) .  The pressure  
recovery was a l s o  reduced r e l a t i v e  t o  t h e  normal-shock and two-shock 
systems, i nd ica t ing  add i t iona l  l o s s e s  wi th in  t h e  duc t ,  probably as a 
r e s u l t  of t h e  s l i p  planes o r i g i n a t i n g  from t h e  i n t e r s e c t i n g  shocks a t  
t h e  i n l e t .  A s  t h e  Mach nurrber became lower t h e  shock continued t o  
approach more c lose ly  a normal-shock pa t t e rn  over t h e  i n l e t ,  t h e  mass 
flow becaTe subc r i t2ca l ,  and add i t iona l  l o s s e s  were encountered i n  t h e  
duct s ince  t h e  pressure  recovery came nearer t o  normal-shock recovery.  
Since t h e  measured pressure  recovery was equal  t o  t h e  t h e o r e t i c a l  
recovery of a normal shock between M = 1.4  and M = 1.5, and s ince  
t h e  measured da ta  included l o s s e s  other  than  l o s s e s  through a normal 

This apprec iab ly  increased 
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Shock, it i s  reaso;&le t o  assume t h a t  t h e  normal shock Covered the  
e n t i r e  duct a t  a Mach nurr.-t)er near I4 = 1 . 4 .  It should be noted t h a t  
f o r  Mach :iu.nbers g r e a t e r  than M = L.6 da ta  from nodels 1 and 2 agreed 
w e l l  w i th in  t h e  accuracy of t h e s e  tests, bu t  f o r  Mach numbers less than 
14 = 1.6 d a t a  from the  two models d i f f e r e d  by nea r ly  a constant anount. 
The gecmetr ical  difference between model 1 and model 2 w a s  t h e  canard 
trirrmers. 

The gene ra l  e f f e c t  of t h e  canard trimners w a s  t o  increase t h e  per-  

It w a s  shown from t h e  tunnel  tes ts  of  refer- 

Thus it w a s  

formance of t h e  duct  a t  a l l  Mach numbers below 
by the d a t a  i n  figure 11. 
ence 5 t h a t  i f  the node1 was a t  an angle  of a t t a c k  of Oo, t h e  angle  of 
at tack of t h e  flow j u s t  forward of t he  i n l e t  w a s  about 1'. 
reasonable  t o  assume t h a t  t h e r e  was a c ross  flow on t h e  i n l e t  ramp of 
model 1, and i n  a l l  p r o b a b i l i t y  the  i n t e r a c t i o n  of t h e  downwash from 
the canard trimers of model 2 would reduce the  ragni tude of t h i s  cross-  
flow s u f f i c i e n t l y  t o  increase the mass flow of t h e  duct.  
that a t  the  deslgn condi t ion,  M = 2.0,  where an oblique shock w a s  
a c r o s s  t h e  e n t i r e  f a c e  of the  i n l e t ,  t h e  p re s su re  recoveries  of model 1 
and model 2 were nea r ly  i d e n t i c a l ,  i n d i c a t i n g  l i t t l e  o r  no d i f f e rence  
i n  s p i l l a g e .  

M = 1.6, as evidenced 

It w a s  noted 

The duct  d a t a  f o r  model 3 agreed nea r ly  exac t ly  wi th  t h e  measured 
data f o r  models 1 and 2 over t h e  Mach number range of 1.80 t o  2.05, b u t  
as the model dece le ra t ed  from M = 1.8 
t i n u i t y  i n  t h e  data suggested that the  duct had become damaged. 
no concrete  cause f o r  t h i s  r e l a t i v e  inc rease  i n  t h e  measured mass flow 
and p res su re  recovery could be e s t ab l i shed ,  it was suspected t h a t  loads 
exe r t ed  by the oversized v e r t i c a l  t a i l  below 
duct s u f f i c i e n t l y  t o  change t h e  minimum a r e a  near t h e  e x i t .  

a l a r g e  and d e f i n i t e  discon- 
Although 

M = 1.8 d i s t o r t e d  t h e  

The performance of the duct was a l s o  s e n s i t i v e  t o  changes i n  
angles  of a t t a c k ,  as shown by t h e  data i n  figures 6 ( c )  and 6 (  d) . The 
v a r i a t i o n  of t he  p re s su re  recovery and mass-flow r a t i o  seemed t o  f a l l  
n a t u r a l l y  i n t o  three ca t egor i e s ,  each dominated by a p a r t i c u l a r  flow 
p a t t e r n  over t h e  i n l e t :  first,  near t h e  design Mach number where an 
i n c l i n e d  shock w a s  over most of t h e  i n l e t ;  second, f o r  Mach numbers 
between 1.4 and 1.7 where t h e  shock was a combination of an i n c l i n e d  
and a normal shock; and th i rd ,  f o r  Mach numbers less than 
where a normal shock i s  detached f r o m  t h e  i n l e t  l i p .  
of model 1 showed some v a r i a t i o n  w i t h  angle  of a t t a c k  near t h e  design 
Mach number, b o t h  models 1 and 2 demonstrated the  l z r g e s t  change between 
M = 1.'+5 and M = 1.61 at negative angles  of a t t a c k .  Both t h e  p re s -  
sure recovery and mass-flow r a t i o  increased approxirately 1 
t h e  value a t  a = Oo f o r  each degree of increase i n  angle of a t t a c k .  
I n  gene ra l  the duct data f o r  model 2 was less s e n s i t i v e  t o  change i n  
angle  of a t t 8 c k  than  the  d a t a  f o r  model 1. Except f o r  t he  region 

M = 1.4 
Although the  data 

1 
2 percerrt sf 
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and between 14 = 1.b 
cocs t an t  w i th  angle  of a t t a c k .  

M = 1.6, the d a t a  f r o n  model 2 c o L d  be coxsidered 

The flow i n  t h e  duct of each f l i g h t  model was considered stable over 
t h e  t es t  ranges of Mach nunber and angle  of a t t a c k .  
and t h e  maxinun, t h e  measured pressures  of models 1, 2, and 3 f l u c t u a t e d  
by  as much as ld- percent  of t h e  free-stream t o t a l  pressure;  however, 

most v a r i a t i o n s  were less than 1 percent.  If t h e  v a r i a t i o n  is less than 
5 p e r c e n t ,  t h e  duct is  considered t o  have a stable flow condi t ion.  
l a r g e s t  v a r i a t i o n s  were random i n  nature  and occurred a t  t h e  peak Mach 
numbers of models 1 and 2. 
quency corresponding t o  t h e  n a t u r a l  bending frequency of t h e  cversized 
v e r t i c a l  t a i l  bu t  t h e  amplitude was never g r e a t e r  than 2 percent .  The 
flow i n  t h e  duct of model 1 w a s  dis turbed ab rup t ly  a t  Iif; = 2 when one 
of t h e  pu l se  rocke t s  discharged Just forward of t h e  i n l e t .  Although a 
sharp p res su re  jmp  w a s  neasured within t h e  duct ,  t h e  flow was reestab- 
l i s h e d  i n  a s t eady- s t a t e  condi t ion within 0.02 second, i nd ica t ing  a 
r e l a t i v e l y  s t a b l e  flow. 

Between M = 1.3 

2 

The 

The duct of model 3 pu l sa t ed  a t  a s teady fre- 

Drag 

The measured minimum-drag c o e f f i c i e n t s  of models 1, 2, 4, and 5 ;  
t h e  measured base drag c o e f f i c i e n t  of model 1; t h e  ca l cu la t ed  i n t e r n a l  
drag c o e f f i c i e n t  of  t h e  duct;  and the minimum e x t e r n a l  drag c o e f f i c i e n t s  
of models 1 and 2 are a l l  presented i n  f i g u r e  12. The drag due t o  l ift,  
t h e  l i f t  c o e f f i c i e n t  f o r  minimum drag, t h e  maxinum l i f t - d r a g  r a t i o ,  and 
t h e  l i f t  c o e f f i c i e n t  f o r  (L/DjTax are presented i n  figure 13. These 
d a t a  were determined from curves of drag c o e f f i c i e n t  p l o t t e d  aga ins t  
lift c o e f f i c i e n t  similar t o  t h e  sazples shown i n  f i g u r e  6 ( e ) .  
be remembered t h a t  a l l  c o n t r o l s  were f ixed ,  tine canard t r imers  a t  10' 
and t h e  elevons a t  0'. However, it is  be l i eved  t h a t  t h e  v a r i a t i o n  of 
t h e  t o t a l  drag w i t h  Mach number, shown i n  f i g m e  12(a), i s  a good i n d i -  
c a t i o n  of t h e  v a r i a t i o n  of t h e  trim d a t a  wi th  Mach number. Measured 
r e s u l t s  from f o u r  independent f l i g h t  tests of nea r ly  i d e n t i c a l  configu- 
r a t i o n s  of t h e  Regulus I1 are shown i n  t h i s  f i g u r e .  

It should 

The minimm-drag c o e f f i c i e n t  of model 1 nea r ly  coincides  wi th  t h e  
z e r o - l i f t  d a t a  of model 4 from M = 0.8 t o  M = 1.5. From M = 1.5 t o  
M = 2.1 
However, from M = 1.50 t o  M = 1.75 t h e  minimum-drag c o e f f i c i e n t  of 
model 4 d i sag rees  w i t h  t h e  d a t a  of models 1 and 5 by a n  amount g r e a t e r  
than t h e  est imated probzble acc1axqr sf t h e  measure6 da ta .  
previously,  t h e  shock p a t t e r n s  a t  t h e  i n l e t  f o r  t h i s  range of Mach nun- 
ber were q u i t e  v a r i a b l e  and t h e r e  probably e x i s t e d  some incons i s t enc ie s  
of t h e  l o c a l  boundary condi t ions between t h e  f l i g h t s .  

t h e  d a t a  f o r  model 1 agrees favorably wi th  t h a t  f o r  model 5 .  

A s  explained 

This d i f f e rence  
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i n  d rag  could be caused by a reduction i n  s p i l l a g e  due t o  d i f f e r e n t  con- 
d i t i o n s  a t  t h e  i n l e t .  

Canard trimers and t h e  f a i r i n g  t h a t  simulated a c o n t r o l  houslng 
were t h e  only differences between models 1 and 2 (see f i g .  1); however, 
t h e  minimum drag of model 2 was l a r g e r  than a n t i c i p a t e d  over most of t h e  
Mach number range. Figure 12 ind ica t e s  t h a t  t h e  minimum-drag coe f f i -  
c i e n t  f o r  model 2 w a s  only s l i g h t l y  l a r g e r  t han  that f o r  model 1 near 
M = 2.0 b u t  nea r ly  50 percen t  l a r g e r  a t  subsonic speeds. It can be 
seen from t h e  est imated probable e r r o r s  i n  table V that t h e  minimum- 
drag c o e f f i c i e n t  f o r  model 2 w a s  as r e l i a b l e  as that f o r  model 1. 
p o s s i b l e  t h a t  unfavorable in t e r f e rence  caused by t h e  canard trimmers 
and f a i r i n g  could produce t h e  increase i n  minimum drag noted between 
models 1 and 2 a t  t h e  lower Mach numbers, bu t  unfortunately no compari- 
sons from tunne l  tests or f l i g h t  t e s t s  were a v a i l a b l e  f o r  t hese  speeds. 
A t  lower Nach n m b e r s  t h i s  c o e f f i c i e n t  w a s  considered high f o r  t h e  model 
w i t i ?  t h e  canard trim'ers and f a i r i n g ,  although t h e r e  w a s  nothing from 
t h e  f l i g h t  t e s t  t o  suggest t h a t  t h e  e r r o r s  were g r e a t e r  f o r  t h i s  model 
t han  f o r  t h e  f l i g h t  models which showed good agreeaent.  Fortunately,  
during t h e  p a r t  of t h e  f l i g h t  of xodel 2 f o r  which t h e  t e s t  data were 
determined (Ivl = 0.8 t o  
independent techniques and these  data agreed wi th  each o the r  w i th in  
one-3alf of 1 percen t  a t  supersonic speeds and l1 percent  a t  subsonic 
speeds. Data from t h e  long i tud ina l  accelerometer w a s  i n t e g r a t e d  along 
t h e  f l i g h t  p a t h  t o  ob ta in  v e l o c i t y ,  and t h e s e  values  agreed wi th in  
1 percen t  with t h e  v e l o c i t y  obtained from ground-based CW Doppler radar .  
ALthough it w a s  be l i eved  t h a t  t h e  drag of nodel 2 was vindicated,  an 
exp lana t ion  of t h e  r e l a t i v e l y  l a r g e  d i f f e rence  between t h e  n i n i x m  drag 
c c e f f i c l e s t s  of nodel 1 and model 2 would be pure conjecture .  

It i s  

14 = 2.0)> t he  Mach number was measured by two 

2 

The i n t e r n a l  drag of model 2, ca l cu la t ed  from t h e  t o t a l  momentum 
loss i n  t h e  duc t ,  agreed almost exact ly  with t h a t  of model 1. Although 
t h e  base  p re s su re  w a s  measured only on model 1, t h e  base p res su re  coe f f i -  
c i e n t  of  model 2 w a s  a s s m e d  t o  have t h e  saTe v a r i a t i o n  wi th  Mach number. 
I n  t h e s e  tests t h e  v a r i a t i o n  of  base drag and i n t e r n a l  drag w a s  never 
g r e a t e r  t han  1 percent  and 2l percent,  r e spec t ive ly ,  of t h e  minimum 
e x t e r n a l  drag. 

z 

The e x t e r n a l  drag c o e f f i c i e n t  , shown i n  f i g u r e  12( c)  , was obtained 
from t k e  measured minimum drag coe f f i c i en t  co r rec t ed  f o r  t h e  i n t e r n a l  
and base  drag c o e f f l c i e n t s .  No estirates were rade f o r  t h e  a d d i t i v e  
drag a s soc ia t ed  wi th  t h e  s p i l l a g e  of a i r  from around t h e  scoop i n l e t ,  
s i n c e  t h i s  w a s  considered p a r t  of the e x t e r n a l  drag and was the re fo re  
not excluded from t h e  measured da ta .  The e x t e r n a l  drag c o e f f i c i e n t  of 
model 1 var i ed  from 0.024 a t  subsonic speeds t o  0.045 at  and 
reduced t o  0.033 a t  M = 2.1. 
12 percent  greater than t h e  values  from t h e  tunne l  tes ts  of reference 1 

M = 1.3 
The values f o r  model i were from 6 t o  
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a f t e r  t k e  da t a  were co r rec t ed  f o r  the  TBSS flow of t h e  f l i g h t  nodei. 
The e x t e r n a l  drag of model 2 was 6 percent  g r e a t e r  than that of nodel  1 
a t  
The wind-tunnel da t a  of re ference  2 ind ica t ed  a 6-percent d i f f e rence  
between s i m i l a r  conf igura t ions  a t  M = 2.01. The minimum-drag c o e f f i -  
c i e n t  of re ference  6 agreed wi th  the  d a t a  of re ference  2 a t  M = 2.0 
bu t  w a s  s l i g h t l y  less than  t h e  da t a  of r e fe rence  1 a t  An 
estimate w a s  made of t h e  drag due t o  l i f t  of t h e  canard trimmers of 
model 2 when they  were de f l ec t ed  loo a t  subsonic speeds. This estimate, 
which d id  not  account f o r  i n t e r f e rence  e f f e c t s ,  w a s  only about one-third 
of t h e  measured d i f f e rence  between model 1 and model 2 .  

M = 1.9, 1-7 percent  g r e a t e r  a t  M = 1.3, and 42 percent  a t  M = 0.9. 

M = 1.6. 

The drag due t o  l i f t  ( f i g .  13(a)) was obtained from t h e  f l i g h t  d a t a  

The r e c i p r o c a l  of t h e  l i f t - c u r v e  s lope  w a s  a l s o  inclitded f o r  
f o r  rriodels 1 and 2 and compared with t h e  tunnel  tes t  da t a  of r e fe rences  1 
and 2. 
ccnparison.  
v a r l e d  from 0.25 at M = 1.0 t o  0.38 at  M = 2.0. A t  subsonic speeds 
model 2 had more drag due t o  l i f t  than model 1, apparent ly  because 
model 2 r equ i r ed  a l a r g e r  angle  of a t t a c k  t o  produce t h e  same l i f t  coef- 
f i c i e n t .  A s  t h e  da ta  from the  tunne l  tests were compared 
wi th  t h e  f l i g h t - t e s t  d a t a ,  fair agreement w a s  noted near  
a t  
were about 1-5 percent  lower than  the  f l i g h t - t e s t  da t a .  
it i s  i n t e r e s t i n g  t o  note  that t h e  minimum drag  occurred a t  a l i f t  coef- 
f i c i e n t  of zero  a t  supersonic  speeds and a t  a s l i g h t l y  negat ive l i f t  
c o e f f i c i e n t  a t  subsonic speeds. 
t h e  mininun po in t  of t h e  drag curves t o  a more negat ive l i f t  c o e f f i c i e n t  
t han  w a s  obtained f o r  model 1 a t  speeds less than  M = 1.5. The maximum 
l i f t - d r a g  r a t i o  and t h e  l i f t  coe f f i c i en t  a t  which it occurred are shown 
i n  f i g u r e s  13 (c )  and 13(d) f o r  models 1 and 2. A s  evidenced by the  
agreement between t h e  measured and the  ca l cu la t ed  data, t h e  maximu? 
l i f t - d r a g  r a t i o  v a r i e s  pa rabo l i ca l ly  and t h e  ca l cu la t ed  values  probably 
r ep resen t  t h e  
Mach numbers. Over t h e  test  Mach number range, (L/D)max va r i ed  from 
4 t o  6 and occurred a t  l i f t  c o e f f i c i e n t s  from 0.3 t o  0.5. 

Tke drag due t o  l i f t  dCD/dcL2 of bo th  models 1 and 2 

(See f i g .  7 . )  
M = 2.0, b u t  

M = 1 . b  and 1.6, tunne l  drag-due-to- l i f t  va lues  at zero  d e f l e c t i o n  
From figure l3(b) 

The canard trimmers of model 2 s h i f t e d  

(L/D)  mx at zero elevon d e f l e c t i o n  even a t  the  higher  

L a t e r a l  S t a b i l i t y  

A vector -ana lys i s  procedure was used t o  determine the  lateral  sta- - 

%a, c , c , and C - Cn a t  14 = 1.8 f o r  
6 'P 'r "r b i l i t y  d e r i v a t i v e s  

model 3. 
bers o the r  t han  M = 1.8 s ince  the re  w a s  a good ind ica t ion  t h a t  t h e  
f i l l i n g  i n  t h e  v e r t i c a l  t a i l  progress ive ly  f l aked  o f f ,  causing t r i m  
changes of s u f f i c i e n t  magnitude t o  motivate i n s t a b i l i t y  when t h e  second 
pu l se  rocke t  i gn i t ed .  

However, la teral-s tabi l i ty  d a t a  were not obtained a t  Mach nix??- 

S t a b i l i t y  was regained almost immediately as a 
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high r a t e  of r o l l  was induced through the  s t rong  d ihedra l  e f f e c t  and 
sus t a ined  a t  a value near  the  na tu ra l  yawing frequency of the nonro l l ing  
Kodel; t h e  a s soc ia t ed  cross-coupled no t ion  between p i t c h  and yaw was 
experienced dur ing  t h e  remainder of t h e  f l i g h t .  
a n a l y s i s  of t h e  f i rs t  yaw dis turbance a r e  shown i n  f i g u r e  14, t h e  equa- 
t i o n s  of motion and t h e i r  vec to r  so lu t ions  a t  i n  f i g u r e  l?, 
t h e  trim c h a r a c t e r i s t i c s  over t h e  Mach number range i n  figure 16, and 
t h e  divergence boundaries of model 3 i n  figures 17 and 18. 

The d a t a  used f o r  t h e  

M = 1.8 

The motions of model 3 r e s u l t i n g  from i g n i t i o n  of t he  f i rs t  pulse  
rocke t  after t h e  model separa ted  from the boos ter  were analyzed by t h e  
v e c t o r  method ou t l ined  i n  the sec t ion  e n t i t l e d  "Reduction of Data" and 
descr ibed  i n  d e t a i l  i n  r e fe rence  17. 
t h e  t i m e  h i s t o r i e s  i n  figure 14. 
f o r c e  c o e f f i c i e n t  Cy 

By us ing  t h e s e  q u a n t i t i e s ,  t h e  mass c h a r a c t e r i s t i c s  of t he  model, and 
t h e  equat ions  of motlon it w a s  poss ib le  t o  cons t ruc t  the vec tor  polygons 
shown i n  figure 15. A l l  angles  were used i n  r ad ian  measure. 
t a b l e s  of f i g u r e  15 a l l  vec tors  were considered p o s i t i v e  and the  s ign  
of t h e  s c a l a r s  w a s  included i n  t h e  phase angle  from p. There were 
three unknowns i n  t h e  rolling-moment equat ion,  bu t  s ince  t h e  d i r e c t i o n s  
of t h e  vec to r s  were known t h e  magnitude of t hese  vec to r s  could be de t e r -  
mined by assuming a value f o r  the t h i r d .  Because some unpublished tun-  
n e l  d a t a  were a v a i l a b l e ,  t h e  damping-in-roll d e r i v a t i v e  C was es t i -  

mated t o  be -0.404 per r ad ian  f o r  model 3 and w a s  used i n  t h e  r o l l  
diagram i n  l i e u  of C l r  Or 

and C 

f o r  M = 1.8. 

The measured da ta  are shown by 
The average slope of the lateral- 

f o r  t he  port ion analyzed w a s  -1.63 p e r  rad ian .  
B 

I n  the  

lP 

'1, 
y ie lded  values  of -1.13 and -0.308 p e r  rad ian ,  r e spec t ive ly ,  

C I B '  Solving t h e  vec tor  diagram f o r  

l P  
A s i m i l a r  s i t u a t i o n  ex i s t ed  i n  t h e  yawing-moment equation; 

were determined f o r  t h r e e  assumed values  of C 

va r i ed  from about -3.0 t o  
"P' 

C+ - Cn. 
P 

CnP and cnr - Crib 

CnB 
Of c"p- 

The damping-in-yaw d e r i v a t i v e  

-6.0; however, remained n e a r l y  constant  a t  1.3 f o r  t h e  same range 

and C were a l l  l a r g e  The s t a t i c  de r iva t ives  

compared w i t h  t h e  tunnel  da t a  f o r  t h e  b a s i c  conf igura t ion  as shown i n  
r e fe rence  1. A s  would be expected, t h e  dynamic d e r i v a t i v e s  were a l so  
l a r g e  s i n c e  the t o t a l  a r e a  of t h e  v e r t i c a l  t a i l  w a s  more than  doubled. 

C Y P J  'nP, l P  

The t r i m  angle  of a t t a c k ,  the t r i m  angle  of s i d e s l i p ,  and t h e  t r i m  
l a t e r a l - f o r c e  c o e f f i c i e n t  of model 3 a r e  shown i n  figure 16. These 
d a t a  ve re  zozipred w i t h  da t a  f r o m  model 1 t o  he lp  t o  i l l u s t r a t e  t h e  
sequence of events  that motivated the unforeseen behavior of model 3 
dur ing  i t s  f l i g h t .  Models 1, 2, and 3 a l l  v ib ra t ed  a t  t h e  organ-pipe 
frequency of t h e  plugged duct w h i l e  a t tached  t o  t h e  boos te r .  This  
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0 0 .  

a f t e r  t h e  second pLlse-rocket disturbance. 
mzdel Z ,  t h e  model was v lb ra t ed  on an electrodynamic e x c i t e r  t o  de t e r -  - 00.0 .... 

0 ...... found t h a t  t h e  v e r t i c a l  t a i l  resonated i n  bending, w i th  a nodal l i n e  
near  t h e  fuse l age ,  a t  a frequency i d e n t i c a l  t o  t h e  frequency la ter  
neasured during t h e  boosted port ion of t h e  f l i g h t .  
t h e  boos te r  were probably severe enough t o  shake some of t h e  f i l l e r  
from t h e  undercut on t h e  r i g h t  s ide  of t h e  v e r t i c a l  t a i l  (see f i g .  2 ( d ) ) ,  
and t h e  r e s u l t i n g  c a v i t i e s  pay have induced b u f f e t  a t  sone speeds af ter  
sepa ra t ion .  Because of t h e  f l e x i b i l i t y  of t h e  v e r t i c a l  f i n ,  t a i l  loads 
r e s u l t i n g  f r o n  the  yaw dlsturbances would a l s o  t end  progressively t o  
f l a k e  out t h e  f i l l e r .  Evidence of t h i s  i s  shown i n  figure 16 by t h e  
s t e p l i k e  charges In  t h e  t r i m  angle of s i d e s l i p ;  such t r i m  chaqges were 
not experienced by nodel i as I t  coasted t o  decreasing Mach numbers. 
Correspondlng t o  these tria ckanges, predominant dev ia t ions  were meas- 
ured i n  t h e  mean values  of r o l l i n g  acce le ra t ion .  Thus it appeared t h a t  
t h e  s t e a d y - s t a t e  r o l l i n g  v e l o c i t y  was e s t a b l i s h e d  by t h e  out-of-trim i n  
s i d e s l i p  tkrough t h e  s t rong  dihedral  e f f e c t  of t h e  oversized v e r t i c a l  
t a i l  w i t h i n  t h e  first few seconds a f t e r  boos t e r  s epa ra t ion  

a t  M = 1.8). The first p u l s e  rocket d i s tu rbed  t h e  model i n  t h e  d i r ec -  
t i o n  of p o s i t i v e  p 
(Cozpare t h e  s t eady- s t a t e  r o l l  r a t e  of f i g u r e  18 w i t h  trim of f i g .  16.) 
Hcwever, between t h e  f irst  and secor,d pulse  rocke t s  t h e  trin! angle of 
s i d e s l i p  increased negat ively with a corresponding increase i n  roll 
ra te .  M = 1.61), t h e  
r o l l  r a t e  had h c r e a s e d  t o  a steady-state value of 10 radians p e r  second. 
TLe 4istmba:ice f r o 3  t h i s  pulse  rocket caused the  model t o  yaw t o  nega- 
t i v e  azg le s ,  which f u r t h e r  lncreased t h e  r o l l  rate t o  a maximun; steady- 
s ta te  vallde of i:earbj 50 r a d i a x  per second. Transient  rates exceeded 
83 r ad ians  p e r  second. For t h e  r e m i n d e r  of t h e  f l i g h t ,  model 3 o s c i l -  
l a ted  as though it were s t a t i c a l l y  and dynamically stable although t h e  
z o t i o n  was s t rong ly  coupled between t h e  p i t c h  and yaw planes and l a r g e  
t r h  changes were noted i n  a l l  the neasured quan ta t i e s .  (See f i g .  16.) 
Since t h e  inf luence of t h e  v e r t i c a l  t a i l  w i t h  p a r t  or a l l  of t h e  f i l l e r  
removed w a s  no t  known, and s i n c e  some of t h e  instruments were subjected 
t o  q u a n t i t i e s  g r e a t e r  than s i x  t i n e s  t h e i r  c a l i b r a t e d  range a t  t h e  maxi- 
nw. r o l l  ra tes ,  t h e  cross-coupled xotLons were not analyzed. 

The v i b r a t i o n s  on 

(c% = -Om3 

and t h e  roll rate reduced almost instantaneously.  

B -  t k e  t i K e  t h e  second pulse  rocke t  i g n i t e d  ( a t  

. 

Divergence boundaries of model 3 were ca l cu la t ed  by t h e  method of 
r e fe rence  12 and are shown ir: f igu re  17 a t  Boundaries between 
s t a b l e  2nd w s t i b l e  r eg icns  Fieye calculated by using experimental  p i t c h  
p a r m e t e r s  and estimated yaw parameters w i t h  a p i t c h  damping of 5.5 per-  
cent  of c r i t i c a l  and yaw damping of 6.6 pe rcen t  of c r i t i c a l .  
d i zens lona l  undamped n a t u r a l  frequencies i n  p i t c h  and i n  yaw f o r  t h e  
nonro l l i ng  missile, 

M = 1.6. 

The non- 

and w were c a l c u l a t e d  f o r  model 3 a t  M = 1.6 
C’ 
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f o r  va r ious  r o i l  r a t e s  frorr, t h e  parametric equat ions shown i n  f i g l x e  17. 
The d iagonal  l i n e  i n  t h e  bowdary  p lo t  i n d i c a t e s  the model s t a b i l i t y  f o r  
var ious  r o l l  rates. It w a s  found that model 3 w a s  dynamically uns tab le  
f o r  r o l l  r a t e s  between 31.4 and 38.8 rad ians  p e r  second b u t  s t a b l e  both 
above and below these rates. 
resonance i n  p i t c h  and yaw when damping i s  neglected o - ' ~  = q,, = 1) 
es t imated  f o r  t h e  tes t  Mach number range and are presented i n  figure 18 
wi th  t h e  measured r o l l  r a t e s .  The s t a b i l i t y  boundaries without  damping 
( f i g .  18) w e r e  very  c lose  t o  t h e  values ca l cu la t ed  wi th  damping ( f i g .  17 ) .  
After t h e  model reached angular  v e l o c i t i e s  i n  r o l l  g r e a t e r  than  t h e  non- 
r o l l i n g  yawing frequency, t h e  response r e s u l t i n g  from the remaining pulse  
rocke t s  w a s  no t  l a r g e  enough t o  reduce the r o l l  r a t e  s u f f i c i e n t l y  t o  
pas s  through t h e  uns tab le  region.  
sus t a ined  a t  r e l a t i v e l y  high values  ( g r e a t e r  than  20 rad ians  p e r  second) ,  
t h e  cross-coupled Iootions p e r s i s t e d  f o r  t h e  remainder of t he  f l i g h t .  

The r o l l i n g  v e l o c i t i e s  requi red  t o  produce 
were ( 

Since t h e  s t eady- s t a t e  r o l l  rate w a s  

SUMMARY OF RESULTS 

The fol lowing r e s u l t s  were obtained from f l i g h t  tests, over a Mach 
number range of M = 0.8 t o  M = 2.1, of f i v e  0.12-scale models of t h e  
Regulus I1 missile for  a cen te r  of g r a v i t y  loca t ed  45 percent  of the 
mean geometric chord ahead of its leading edge: 

1. Model l i f t ,  bo th  w i t h  and without canard trimmers, w a s  l i n e a r  
w i t h  angle  of a t t a c k  and t h e  l i f t - c u r v e  s lope  decreased from 0.065 at  
14 = 1.0 t o  0.041 a t  M = 2.0. 

2. The aerodynamic-center l oca t ioc  of t h e  b a s i c  conf igura t ion  was 
cons tan t  a t  35 percent  of t h e  mean gecfmetric chord a t  supersonic speeds 
and about 10 percent  a t  M = 0.90. Canard trimers reduced t h e  s t a t i c  
s t a b i l i t y  about 13 percent  a t  supersonic speeds. 

3.  The models were dynamically stable, and although the  damping 
w a s  good f o r  a tailless conf igura t ion  it w a s  s t i l l  low - 5 t o  6 percent  
of c r i t i c a l  damping. 

4. The l a r g e  nega t ive  p i t ch ing  moment a t  zero l i f t  measured on t h e  
b a s i c  conf igura t ion  a t  supersonic  speeds w a s  reduced t o  nea r ly  zero by 
t h e  a d d i t i o n  of canard trimmers. However, at low t r anson ic  speeds t h e  
trimmers caused a negat ive increase i n  t h e  z e r o - l i f t  p i t ch ing  moment. 

5 .  A t  14 = 1.9 t h e  ~ ~ ~ s - f l ~ w  r a t i o  of t h e  duct  based on the  c rdss -  
s e c t i o n a l  area of t h e  duct  pro jec ted  t o  t h e  i n l e t  l i p  was uni ty ,  w i t h .  a 
p re s su re  recovery of 86 percent .  Although t h e  canard t r i m e r s  had l i t t l e  
in f luence  on t h e  duct  above 
n e a r l y  a cons tan t  amount at Mach numbers less than  1.6. 

M = 1.6, t hey  improved t h e  performance by 



.... 
0 .  .... 

6. The r;.,inimum external-drag coe f f i c i en t  of t he  bas i c  configurat ion 
w a s  0.024 a t  14 = 0.8, 0.0lcg a t  M = 1.3, and 0.033 a t  M = 2.1.  Canard 
trimmers caused an increase varying from 6 percent  a t  
42 percent  a t  

M = 1.9 t o  
M = 0.9. 

7. Vector so lu t ions  of t h e  l a t e r a l  motions of a model wi th  a v e r t i -  
c a l  t a i l  twice as large i n  a r e a  as that of t h e  bas i c  configurat ion pro- 
duced r e l a t i v e l y  l a r g e ,  s t a b l e  values of both  s t a t i c  and dynamic der iva-  
t i v e s  a t  M = 1.8. 

Langley Aeronaut ical  Laboratory, 
Nat ional  Advisory C o m i t t e e  f o r  Aeronautics, 

Langley F ie ld ,  Va. ,  J u l y  29,  1958. 
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APPENDIX 

ACCLWCY 

The method used t o  estimate the accuracy of t h e  d a t a  
from t h e  chapter e n t i t l e d  "The P rec i s ion  of Measurements" 
I n  t h i s  a n a l y s i s ,  probable e r r o r  was used t o  i n d i c a t e  t h e  
t h e  r e s u l t s .  

If a l a r g e  number o f  d i r e c t  measurements are made of 

was obtained 
i n  r e fe rence  14. 
accuracy of 

a s i n g l e  quan- 
t i t y ,  and a l l  dev ia t ions  from soIne reference are noted, t he  magnitude 
of t h e  probable e r r o r  
iximber of dev ia t ions  are g r e a t e r  than r and ha l f  a r e  l e g s  than r. 
T h a t  is ,  t h e  p r o b a b i l i t y  that t h e  e r r o r  of a s i n g l e  measurement w i l l  
f a l i  between +r and -r i s  one-half. 

r may be defined as such that ha l f  of  t h e  t o t a l  

It w a s  assumed that t h e  f l i g h t  measurements had a probable e r r o r  
o f  + l / 2  percent  of t h e  calibrated lnstrument range. Mach number was 
a l s o  assumed t o  be a d i r e c t  measurement t o  f a c i l i t a t e  ca l cu la t ions .  
This  assumption w a s  j u s t i f i e d  by the fac t  that Mach numbers c lose ly  
agreed when c a l c u l a t e d  from two nearly independent sets of measurements: 
from model s t agna t ion  p res su re  i n  conjunction w i t h  rawinsonde s t a t i c  
p re s su re ,  and from CW Doppler ve loc i ty  i n  conjunction wi th  rawinsonde 
speed of sound. The probable e r r o r  i n  Mach number then was estimated 
from t h e  assumed e r r o r s  i n  rawinsonde s t a t i c  p re s su re  and model stagna- 
t i o n  p res su re .  
q u a n t i t i e s  are shown i n  table V. 

The assumed probable e r r o r s  of t h e  d i r e c t l y  measured 

From re fe rence  14,  t h e  probable e r r o r  of t h e  i n d i r e c t  measurements, 
such as t h e  f i n a l  data, may be estimated by t h e  following equation: 

where R i s  t h e  probable e r r o r  of t h e  i n d i r e c t  quan t i ty  Q,  and Q i s  
a func t ion  of t h e  d i r e c t  measurements 
probable e r r o r  of rl, r2, r3, . . . rn. 
t h e  r e l a t i o n  between t h e  d i r e c t  measurements and t h e  f i n a l  r e s u l t s  must 
be e s t a b l i s h e d  mathematically. For in s t ance ,  t h e  l i f t - c u r v e  slope w a s  
measured d i r e c t l y  from a p l o t  of CL aga ins t  a, b u t  f o r  e r r o r  calcu- 
l a t i o n s  it w a s  f irst  necessary t o  assume t h e  equation of a l i n e  passing 
through a t  least two rep resen ta t ive  p o i n t s  from t h e  measured data, and 
then  t o  express  t h e  s lope  of t h i s  l i n e  w i t h  r e s p e c t  t o  normal acce le ra t ion ,  

ql, q2, q3, . . . qn, each wi th  a 
I n  order  t o  apply equaticr, ( A l ) ,  
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l o n g i t u d i n a l  a c c e l e r a t i o n ,  angle  of a t t a c k ,  Mach number, s t a t i c  pressure,  
model weight, and wing area. 
t i o n  of  C w i t h  r e s p e c t  t o  t h e  independent variables, as r equ i r ed  f o r  

equa t ion  ( A l ) .  A similar technique was used f o r  t h e  f i n a l  da t a ,  and t h e  
e s t i r r a t ed  e r r o r s  are shown i n  t a b l e  V .  

This f a c i l i t s t e s  t h e  p a r t i a l  d i f f e r e n t i a -  

La 
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Wnlf olded base 
sta. 40.00 

Yodel center Manifolded s t a t i c  
of gravlty pressure orf ices  

Ease area 7.09 in, 2 
Integrating total-pressure rake 

StatLon 
0 

(e) Details of duct and canard trimmers. 

F i e y e  1. - Concluded. 



(a) Model 1, thee-quarter f r o n t  view. L-35683 

( b )  Model 2, t o p  view. L-90189 

c 

A . 4  

(C) Model 3 ,  side view. L867a6 

F i g d r e  2 .  - Fhoiographs of nodels . 
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( a )  S t a t i c -p res su re  r a t i o .  

R 

(b) Reynolds number, based on E .  

Model 
I 
2 
3 

.6 1.0 1-2 I .4 1.6 1.8 2.2 
M 

( c )  Regions where dis turbed  models o s c i l l a t e d .  

Figure 3 .- F l i g h t - t e s t  condi t ions .  
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(a)  Wing of models 1, 2, and 3. 

Figure 4.- S t r u c t u r a l  inf luence c o e f f i c i e n t .  
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(b) Vertical  t a i l  of models 1 and 2. 

Figure 4. - Continued. 
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( d )  Vertical t a i l  of  model 3. 

Fig-are 4. - Comluded. 
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(a) Rat io  of r i g i d  t o  e l a s t i c  l i f t .  

.I2 

.O 8 

.O 4 

0 
.6 .8 1.0 I .2 1.4 1.6 1.8 2-0 2.2 

M 

(b) Forward s h i f t  i n  aerodynamic c e n t e r  due t o  f l e x i b i l i t y .  

Figure 3.- Estimated a e r o e l a s t i c  p r o p e r t i e s  of wing f o r  models 1, 2, 
and 3. 
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Figure 6.- Samples of measured data in nondimensional form. 
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(b) Pitching moment. 

Figure 6.- Continued. 
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( c )  Total-pressure recovery of duct .  

F igure  6.- Continued. 
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(d )  Mass-flow ratio. 

Figure 6.- Continued. 
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Figure  7.- Var i a t ion  of l i f t - c u r v e  s lope  wi th  Mach number. 
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( a )  Per iod  of longi tudina l  o s c i l l a t i o n s .  

F igure  8. - Var ia t ion  of s ta t ic  longi tudina l  s t a b i l i t y  parameters of 
models 1 and 2 w i t b  Mach number. 
ahead of E .  

Center of g r a v i t y  loca t ed  0.45E 
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( b )  S t a t i c - s t a b i l i t y  de r iva t ive .  
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( c )  Aerodynamic center .  

Figure 8.- Concluded. 
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(a) Time to damp to one-half amplitude. 
- -  
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(b) Damping-in-pitch derivative. 

Figure 9.- Variation of damping parameters with Mach number. 
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Figure 10.- Var ia t ion  of t r i m  c h a r a c t e r i s t i c s  azd pitching-moment coef- 
Center  of g r a v i t y  loca t ed  a t  f i c i e n t  a t  zero  l i f t  w i t h  Mach number. 

0.45F ahead of the leading  edge of E ;  elevons at zero de f l ec t ion .  
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(a) Total-pressure recovery. 

M 

( b )  Mass-flow ra t io .  

Figure 11.- Characteristics of duct a t  a = Oo. 
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(a) Tota l  measure. 
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(b) Internal and base increments. 

M 

( c) External. 

Figure 12.- Variation of minimum-drag characteristics with Mach number. 
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(a) Drag due t o  l i f t .  
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(b) L i f t  coe f f i c i en t  a t  minimum drag. 

Figure 13.- Lif t -drag  r e l a t i o n s .  Zero elevon d e f l e c t i o n .  
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(c )  Maximum lift-drag r a t i o .  

.6 .8 1.0 I. 2 1.4 1.6 1.8 2.0 2.2 
M 

(d) L i f t  c o e f f i c i e n t  f o r  

Figure 13.- Concluded. 
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Figure 14.-  Time histories used i n  vector analysis of model 3.  
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*Solutions of vector polygon. 

( a )  Solut.ion of s ide-force equation. 

F igure  15.- Vector diagrams wi th  corresponding equat ions of motion f o r  
model 3 a t  M = 1.8. Coeff ic ien ts  i n  radian measure. 
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Assume value for C : 
2P 

C = -0.404 
lP 

Solve for 
'2, 

and c -  
'B - 

c t ,  = -1.13 

C l g  = -0.308 

/--cz 
p direction 

c 

I Vector I Amplitude I Phase from g, 
deg 

1 -  273.1 

* 
Solution of vector polygon. 

(b) Solu t ion  of rolling-moment equat ion.  

F igure  15.- Continued. 
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Assumed values of C and solve for respective values of 
"I, 

cnB and (cri - c,~): 

c"p = O  c"p = +OS1 
c = -0.1 

Cn r - Crib = -4.95 

c = 1.300 

np 

cnr - cni = -5.65 

c = 1.301 

cnr - cni = -6.36 

c = 1.502 
% "B "P 

\ e- - 
I 

. - 
T\ -c"$ 8 direction 

(Vector shown for cnp = +O.l) 
c 

7 Vector Amplitude 
a 

I 
I qsb $ 1.093 7.0 

0.211 10.0 

I 
! % 1 Assumed C +0.1 +0.11 0 I -0.1 

0.0212 

*O .148 "273.1 I /  *273 il *273.1 

'1.302 

* Solution of vector polygon. 

( c )  Solu t ion  of yawing-moment equation. 

F igure  15. - Concluded. 
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Flgure 16.- Trim characteristics of model 3 as compared w i t h  model 1. 
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Figure 17.- Divergence boundaries which include damping and r o l l  rates 
of model 3 a t  M = 1.6. 
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Figure 18.- Ro l l ing  velocity of  model 3 ,  shown wi th  estimates of r o l l i n g  

v e l o c i t i e s  r equ i r ed  f o r  resonance i n  p i t c h  and yaw (,,e2 = "$2 = 1). \ 
No damping was included i n  t h e  s t a b i l i t y  boundaries.  
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